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INTRODUCTION: 

A  bidirectional  communication  exists  between  the  brain  and  immune  system  (Blalock,  1994; 
Sopori  et  al.,  1998).  Increasing  evidence  suggest  that  neurons  are  also  communicating  with 
cells  types  other  than  immune  cells  such  as  epithelial  cells  in  the  periphery.  Indeed  many 
receptors,  considered  originally  specific  for  the  nervous  system,  are  also  expressed  on  non¬ 
neuronal  cells  in  the  periphery.  This  is  true  of  the  cholinergic  receptors  such  as  nicotinic 
acetylcholine  receptors  (nAChRs)  and  muscarinic  acetylcholine  receptors  (mAChRs)  that  are 
found  on  neurons,  immune  cells,  and  many  other  cell  types,  including  lung  and  gut  epithelial 
cells.  The  mechanism  of  communication  between  these  cell  types  is  not  clear.  Interestingly, 
non-neuronal  cells  such  as  the  epithelial  cells  have  been  shown  to  be  fully  capable  of  making 
neurotransmitters  such  as  acetylcholine  and  GABA  and  express  receptors  for  neurotransmitters 
(Proskocil  et  al.,  2004;  Fuji  et  al.,  2008;  Gundavarapu  et  al.,  2012). 

After  the  Gulf  War,  many  returning  soldiers  developed  an  unexplained  set  of  symptoms  termed 
the  Gulf  War  Syndrome  (GWS);  the  symptoms  included  neurological  and  respiratory  problems 
(Steele,  2000;  Thompson  et  al.,  2004).  Many  veterans  were  exposed  repeatedly  to 
organophosphates/carbamates,  including  neostigmine  bromide  (NB),  organophosphate 
pesticides,  and  low-doses  of  nerve  gas  (Berardocco,  1977;  US  Department  of  Defense,  2003) 
that  inhibit  acetylcholine  esterase  (AChE).  Chronic  low  dose  exposure  to  cholinergic  agents 
such  as  the  nerve  gas  sarin  induce  increased  expression  of  IL-ip  in  the  brain  (Kalra  et  al.,  2002; 
Langley  et  al.,  2004),  and  increased  presence  of  proinflammatory  cytokines,  particularly  IL-ip 
may  induce  GWS-like  symptoms  (Ferguson  and  Cassady,  2001).  We  had  previously  observed 
that  chronic  low-dose  exposure  to  sarin  or  other  cholinergic  compounds  suppresses  the  immune 
system  (Kalra  et  al.,  2002;  Langley  et  al.,  2004),  and  we  had  preliminary  evidence  suggesting 
that  chronic  exposure  to  low-dose  IL-ip  also  suppresses  the  immune  system.  Therefore,  we 
hypothesized  that  chronic  exposure  to  AChE  inhibitors  may  increase  the  expression  of  IL-ip 
that  in  turn  produces  GWS-like  symptoms.  We  proposed  to  determine:  (a)  the  mechanism  by 
which  sarin  and  IL-IP  suppress  the  immune  system,  (b)  the  role  of  cholinergic  receptors  in 
airway  responses,  (c)  whether  exposure  to  cholinergic  agents  promotes  infections,  and  (d)  test 
the  efficacy  of  potential  therapeutic  interventions. 

BODY 

1 .  Delay  in  starting  the  animal  work:  After  the  grant  was  funded,  we  submitted  a  detailed 
animal  protocol  to  our  IACUC.  Because  the  project  involves  complex  surgeries  and  animal 
handling  protocols,  it  took  several  months  of  revisions  to  the  protocol  to  get  it  approved  by 
the  IACUC.  The  approved  protocol  was  subsequently  sent  to  The  USAMRMC  Animal  Care 
and  Use  Review  Office  (ACURO)  for  approval.  We  received  the  approval  for  using  the 
animals  under  this  project  in  the  July  201 1 .  However,  this  provided  us  the  opportunity  to 
design  some  cell  culture  experiments  and  work  on  tissues  from  previously  sarin-/IL-iP- 
/nicotine-exposed  animals.  Both  these  “approaches”  gave  very  interesting  results  and  are 
described  below. 

2.  Chronic  CNS  exposure  to  IL-1B  suppresses  the  immune  system:  GW  veterans  exhibit 
weaker  immune  responses  and  higher  levels  of  proinflammatory  cytokines  (Ferguson  and 
Cassaday,  2001;  Skowera  et  al.,  2004).  The  mechanism  of  this  response  is  essentially 
unknown.  Chronic  low  dose  exposure  to  cholinergic  agents  including  sarin  suppresses  the 
immune  system  and  induces  the  expression  of  IL-ip  in  the  brain  (Kalra  et  al.,  2002; 

Langley  et  al.,  2004).  Similarly,  nicotine  induces  IL-ip  expression  in  the  brain  and 
suppresses  both  inflammatory  and  Th2  responses.  IL-ip  has  been  implicated  both  in 
neurotoxicity  as  well  as  neuroprotection  (Stoll  et  al.,  2002).  To  ascertain  the  role  of  IL-ip  in 
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immunosuppression,  low  levels  of  IL-ip  were  chronically  infused  in  rat  brains.  Interestingly, 
at  early  time  points  IL-ip  promoted  pyrogenic  and  inflammatory  responses;  however, 
chronic  infusion  suppressed  both  innate  and  adaptive  immune  response  (Razani-Boroujerdi 
etal.,  2011  -  Appendix  1).  Moreover,  the  infusion  caused  activation  of  tyrosine  kinases  in 
the  spleen.  This  represents  a  novel  mechanism  for  neuroimmune  communication  and 
shows  that  inflammatory  cytokines  may  modulate  the  immune  system  through 
neuroimmune  interactions. 

3.  Exposure  to  the  cholinergic  agent  pyridostigmine  bromide  (neostigmine  bromide) 
promotes  airway  mucus  formation:  Respiratory  ailments  such  as  asthma  were  seen  in 
significantly  higher  number  of  GW  veterans  during  the  operation  Desert  Storm  and  after 
return  to  the  USA  (Lange  et  al.,  2002;  Kelsall  et  al.,  2004).  A  common  response  to 
pulmonary  ailments  is  the  production  of  mucus  in  the  airways,  which  is  observed  in  many 
lung  diseases  such  as  chronic  obstructive  pulmonary  disease,  cystic  fibrosis,  and  asthma 
(Turner  and  Jones,  2009).  Excessive  mucus  production  may  impair  lung  function  through 
exacerbation  of  infections  and  increased  airway  resistance.  We  observed  that  cholinergic 
agents  such  as  acetylcholine  and  nicotine  promoted  mucus  formation  in  the  airway 
epithelial  cells.  This  was  blocked  by  nicotinic  but  not  muscarinic  receptor  antagonists  both 
in  vitro  and  in  vivo.  Moreover,  activation  of  a7-nAChRs  was  critical  for  mucus  formation  and 
used  GABAARa2  receptor  pathway  to  induce  MUC5AC/mucus  formation  in  human 
bronchial  epithelial  cells.  These  studies  have  been  recently  published  (Gundavarapu  et  al., 
2012  -  Appendix  2).  In  addition,  the  idea  to  block  airway  mucus  formation  by  nicotinic 
receptor  antagonists  has  been  submitted  for  patent.  We  also  found  that  nicotinic  cholinergic 
receptors  are  intimately  associated  with  lung  development  and  childhood  respiratory 
diseases  and  blocking  these  receptors  during  gestation  corrects  the  changes  in  lung 
development  and  susceptibility  to  lung  diseases  (Singh  et  al.,  2012  Submitted;  Appendix 
3).  We  also  have  preliminary  data  suggesting  that  nicotinic  receptors  also  control  gut 
mucus  response  to  cholinergic  agents,  indicating  that  some  inflammatory  gut  diseases 
might  be  controlled  by  cholinergic  receptor  antagonists;  however,  these  studies  are  in  very 
early  stages. 

KEY  RESEARCH  ACCOMPLISHMENTS 

(a)  IL-ip  may  play  a  critical  role  in  the  perception  of  inflammation  by  the  CNS  and  the  induction 
of  an  immunologic  “tolerant”  state 

(b)  The  immunosuppressive  effects  of  cholinergic  agents  might  be  at  least  partly  mediated 
through  their  effects  on  the  brain  IL-ip. 

(c)  Intracerebroventricular  application  of  IL-ip  leads  to  activation  of  tyrosine  kinases  in  the 
spleen,  suggesting  a  novel  mode  of  neuroimmune  communication. 

Points  a,  b,  and  c  are  in  Appendix  1  (Razani-Boroujerdi  et  al.,  2011;  PMID:  21671006) 

(d)  Airway  epithelial  cells  express  a7,  a9,  and  cdO-nicotinic,  muscarinic  (M2),  and  GABAaRo2 
receptors. 

(e)  Nicotine,  acetylcholine,  neostigmine  bromide  increase  mucus  formation  in  the  airway 
epithelial  cells  that  can  be  block  by  a7-nAChR  antagonist  but  not  by  a9/a10-nAChR  or 
muscarinic  receptor  antagonist.  This  suggests  that  a7-nAChRs  are  critical  for  airway  mucus 
formation  and  the  biological  ligand  for  these  receptors  is  acetylcholine. 

(f)  Nicotinic  receptor  antagonists  may  have  therapeutic  potential  to  treat  airway  mucus 
formation. 

Points  d,  e,  and  f  are  in  Appendix  2  (Gundavarapu  et  al.,  2012,  PMID:  22578901) 
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(g)  Nicotinic  acetylcholine  receptors  also  control  lung  development  during  embryogenesis  and 
activation  of  these  receptors  by  secondhand  smoke  causes  lung  developmental  changes 
and  increased  risk  of  lung  diseases  such  as  asthma  (Singh  et  al. ,  2011)  and 
bronchopulmonary  dysplasia  (Singh  et  al.,  submitted;  Appendix  3). 

REPORTABLE  OUTCOMES 

1.  Razani-Boroujerdi,  S.,  R.  J.  Langley,  S.  P.  Singh,  R.  Kalra,  J.  C.  Philippides,  J.  Rir- 
sima-ah,  S.  Gundavarapu,  N.  Mishra  and  M.  L.  Sopori.  2011.  The  role  of  IL-1  p  in 
nicotine-induced  immunosuppression  and  neuroimmune  communication.  J. 
Neuroimmune  Pharmacol.  6:585-96,  2011.PMID:  21671006 

2.  Gundavarapu,  Sravanthi,  Julie  A.  Wilder,  Neerad  C.  Mishra,  Jules  Rir-sim-ah, 
Raymond  J.  Langley,  Richard  J.  Jaramillo,  Katherine  M.  Gott,  Shashi  P.  Singh, 
Juan  Carlos  Pena-Philippides,  Kevin  S.  Harrod,  Ali  Imran  Saeed,  J.  Michael 
McIntosh,  Shilpa  Buch,  and  Mohan  L.  Sopori.  2012.  Role  of  nicotinic  receptors  and 
acetylcholine  in  mucous  cell  metaplasia,  hyperplasia  and  airway  mucus  formation 
in  vitro  and  in  vivo.  J  Allergy  Clin  Immunol.  1 30:770-780,  2012.  PMID:  22578901 

3.  Singh,  Shashi  P;  Sravanthi  Gundavarapu,  Kevin  R.  Smith,  Ali  Imran  Saeed, 

Neerad  C.  Mishra,  Edward  G.  Barrett,  Matloob  Husain,  Hitendra  S.  Chand,  Kevin 
S.  Harrod,  Raymond  Langley  and  Mohan  L  Sopori.  2012.  Gestational  secondhand 
cigarette  smoke  causes  bronchopulmonary  dysplasia  blocked  by  mecamylamine 
(submitted  to  J.  Allergy  Clin  Immunol). 

Conclusions 

1 .  Cholinergic  agents  may  control  the  immune  and  inflammatory  responses  through 
neuroimmune  communication,  and  IL-1  p  may  be  a  major  molecular  entity  through  which 
brain  senses  inflammation. 

2.  Mucus  plays  an  important  role  in  number  of  lung  and  gut  diseases,  and  airway  and  gut 
mucus  responses  are  strongly  regulated  by  a7-nicotinic  acetylcholine  receptors.  In  the 
absence  of  nicotine,  acetylcholine  acts  as  a  natural  ligand  for  nicotinic  acetylcholine 
receptors  for  airway  mucus  production. 

3.  Cholinergic  receptors  are  important  in  embryonic  lung  development  and  chronic  presence  of 
cigarette  smoke  during  gestation  may  promote  lung  diseases  in  children. 
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Abstract  Although  a  number  of  inflammatory  cytokines 
are  increased  during  sepsis,  the  clinical  trials  aimed  at 
down-regulating  these  mediators  have  not  improved  the 
outcome.  These  paradoxical  results  are  attributed  to  loss  of 
the  “tolerance”  phase  that  normally  follows  the  proinflam- 
matory  response.  Chronic  nicotine  (NT)  suppresses  both 
adaptive  and  innate  immune  responses,  and  the  effects  are 
partly  mediated  by  the  nicotinic  acetylcholine  receptors  in 
the  brain;  however,  the  mechanism  of  neuroimmune 
communication  is  not  clear.  Here,  we  present  evidence  that, 
in  rats  and  mice,  NT  initially  increases  IL-1  (3  in  the  brain, 
but  the  expression  is  downregulated  within  1-2  week  of 
chronic  exposure,  and  the  animals  become  resistant  to 
proinflammatory/pyrogenic  stimuli.  To  examine  the  rela¬ 
tionship  between  NT,  IL-1  (3,  and  immunosuppression,  we 
hypothesized  that  NT  induces  IL-1  (3  in  the  brain,  and  its 
constant  presence  produces  immunological  “tolerance”. 
Indeed,  unlike  wild-type  C57BL/6  mice,  chronic  NT  failed  to 
induce  immunosuppression  or  downregulation  of  IL-1  (3 
expression  in  IL-1  (3-receptor  knockout  mice.  Moreover,  while 
acute  intracerebroventricular  administration  of  IL-1 13  in  Lewis 
(LEW)  rats  activated  Fyn  and  protein  tyrosine  kinase  activities 


This  work  was  supported  in  part  by  grants  from  the  US  Army  Medical 
Research  and  Material  Command  (GW093005),  the  National  Institutes 
of  Health  (ROl  DAO  17003),  and  the  Defense  Threat  Reduction 
Agency  (HDTRA  1-08-C-002) 

S.  Razani-Boroujerdi  and  R.  Langley  contributed  equally  to  the  work. 

S.  Razani-Boroujerdi  ■  R.  J.  Langley  ■  S.  P.  Singh  ■ 

J.  C.  Pena-Philippides  ■  J.  Rir-sima-ah  •  S.  Gundavarapu  • 

N.  C.  Mishra  •  M.  L.  Sopori  (El) 

Respiratory  Immunology  Program, 

Lovelace  Respiratory  Research  Institute, 

2425  Ridgecrest  Dr.,  S.E., 

Albuquerque,  NM  87108,  USA 
e-mail:  msopori@lrri.org 

Published  online:  14  June  201 1 


in  the  spleen,  chronic  administration  of  low  levels  of  IL-1  (3 
progressively  diminished  the  pyrogenic  and  T  cell  proliferative 
responses  of  treated  animals.  Thus,  IL-1  (3  may  play  a  critical 
role  in  the  perception  of  inflammation  by  the  CNS  and  the 
induction  of  an  immunologic  “tolerant”  state.  Moreover,  the 
immunosuppressive  effects  of  NT  might  be  at  least  partly 
mediated  through  its  effects  on  the  brain  1L- 1 13 .  This  represents 
a  novel  mechanism  for  neuroimmune  communication. 

Keywords  Nicotine  •  IL-1 13  •  Immunosuppression  • 
Neuroimmune  communication  •  Fyn 

Abbreviations 

[Ca2+]i  intercellular  calcium  concentration 

NT  nicotine 

PTK  protein  tyrosine  kinase 

HPA  hypothalamus-pituitary-adrenal 

LEW  Lewis 

KO  knockout 

WT  wild-type 

ICV  intracerebroventricular 

aCSF  artificial  cerebrospinal  fluid 

AFC  antibody-forming  cell 

qPCR  real-time  PCR 

CORT  corticosterone 


Introduction 

Cigarette  smoking  is  a  major  health  risk  factor  and 
contributes  to  over  three  million  premature  deaths  annually 
worldwide.  Many  adverse  health  effects  of  cigarette  smoke 
might  stem  from  its  immunosuppressive  effects  (Holt  and 
Keast  1977;  Sopori  2002).  To  that  end,  we  and  others  have 
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shown  that  chronic  inhalation  of  cigarette  smoke  suppresses 
the  immune  system  in  humans  and  experimental  animals; 
reviewed  in  (Sopori  et  al.  1998a;  Stampfli  and  Anderson 
2009).  Nicotine  (NT),  the  major  immunosuppressive 
compound  in  cigarette  smoke,  may  affect  immune  and 
inflammatory  responses  through  the  central  and  peripheral 
mechanisms  (Sopori  et  al.  1998b;  Sopori  2002;  Wang  et  al. 
2003;  van  Westerloo  et  al.  2005;  Mishra  et  al.  2008).  We 
have  reported  that  while  acute  NT  increases  intracellular 
calcium  [Ca~+];  in  T  cells  (Razani-Boroujerdi  et  al.  2007), 
chronic  exposure  of  animals  to  NT  causes  T  cell  anergy 
through  constitutive  activation  of  protein  tyrosine  kinase 
(PTK)  activity,  including  Fyn,  production  of  inositol- 1,4,5- 
trisphosphate,  and  depletion  of  inositol- 1,4,5 -trisphosphate- 
sensitive  Ca2+  stores,  leading  to  loss  of  TCR-mediated 
elevation  in  [Ca2 1 1,  (Geng  et  al.  1996;  Kalra  et  al.  2000). 
The  immunosuppressive  effects  of  chronic  NT  treatment  in 
vivo  are,  at  least  partially  mediated  through  the  nicotinic 
acetylcholine  receptors  in  the  CNS,  and  the  effects  are 
independent  of  the  hypothalamus-pituitary-adrenal  (HPA) 
axis  (Sopori  et  al.  1998b;  Singh  et  al.  2000). 

The  mechanism  by  which  NT  modulates  the  immune/ 
inflammatory  system  through  the  CNS  is  not  clear.  There  is 
evidence  that  cytokines  in  the  brain  play  an  important  role 
in  the  regulation  of  the  inflammatory  and  anti-inflammatory 
responses.  For  example,  neuroinflammation  may  damage 
neurons,  but  it  also  confers  neuroprotection  (Stoll  et  al. 
2002).  Increasing  evidence  suggests  that  proinflammatory 
cytokines  such  as  IL- 1  (3  also  provide  neuroprotection  and 
dampen  neuroinflammation  (Stoll  et  al.  2002;  Jin  et  al. 
2009;  Pinteaux  et  al.  2009).  Similarly,  head  trauma/injury, 
usually  associated  with  a  pyrogenic  response  (Badjatia 
2009),  also  leads  to  systemic  inflammatory  response 
syndrome  followed  by  a  compensatory  anti-inflammatory 
response  syndrome  (Lenz  et  al.  2007;  Lu  et  al.  2009). 
Proinflammatory  cytokines  such  as  TNF-a,  I L- 1  [3 ,  and  IL- 
6  have  been  implicated  in  acute  inflammatory  responses 
(Dinarello  2000);  however,  there  is  increasing  evidence  that 
early  presence  of  these  cytokines  might  have  a  protective 
role  in  sepsis  (Torre  et  al.  1994;  del  Rey  and  Besedovsky 
2000;  Kox  et  al.  2000).  Similarly,  pretreatment  with 
sublethal  doses  of  endotoxin  increases  proinflammatory 
cytokine  production,  but  protects  against  septic  peritonitis 
through  a  mechanism  independent  of  adaptive  immunity 
(Urbaschek  and  Urbaschek  1987;  Varma  et  al.  2005);  these 
results  can  be  achieved  by  pretreatment  with  IL-1  (3  and 
TNF-oc  (Urbaschek  and  Urbaschek  1987).  In  this  commu¬ 
nication,  we  present  evidence  that  (a)  acute  NT  exposure 
induces  IL-1  (3  in  the  brain,  but  the  response  is  lost  through 
continued  exposure  to  NT,  leading  to  an  immunologic 
“tolerant”  state,  and  (b)  while  an  acute  administration  of  1L- 
1  (3  in  the  brain  activates  splenic  T  cells,  continued  exposure 
suppresses  the  pyrogenic  response  and  T  cell  function. 


Materials  and  methods 

Animals 

Male  pathogen-free  Lewis  (LEW)  rats  were  purchased 
from  Harlan  Sprague-Dawley  Farms  (Branchburg,  NJ, 
USA),  and  IL-1  receptor  knockout  (1L-1R  KO)  mice  and 
wild-type  (WT)  control  (C57BL/6)  mice  were  obtained 
from  Jackson  Laboratories  (Bar  Harbor,  ME,  USA).  Rats 
and  mice  were  housed  individually  in  class  100  air 
quality  rooms  with  12-h  light/dark  cycle;  food  (Teklad 
certified  diet)  and  water  were  provided  ad  libitum. 
Animals  were  maintained  at  the  thermo-neutral  temper¬ 
atures,  i.e.,  25±1°C  (rats)  and  30±1°C  (mice).  Three-  to 
4-month  old  animals  were  used  in  these  experiments.  The 
Lovelace  Respiratory  Research  Institute  IACUC  reviewed 
and  approved  these  studies. 

Reagents 

Monoclonal  antibodies  to  the  rat  a|3-TCR  and  the 
appropriate  isotype  control  antibodies  were  purchased 
from  PharMingen  (San  Jose,  CA,  USA),  and  the  anti- 
p59fyn  antibody  was  purchased  from  Upstate  Biotechnol¬ 
ogy  (Lake  Placid,  NW,  USA).  Other  reagents  were 
obtained  from  the  following  vendors:  recombinant  rat  IL- 
1|3  (R  &  D  Systems,  Inc.,  Minneapolis,  MN,  USA), 
guinea  pig  complement  (Cedarlane  Laboratories,  Ltd, 
Burlington.  Ontario,  Canada),  chlorisondamine  (Tocris 
Cookson,  Ltd.,  Ellisville,  MO,  USA),  (±)  NT  base  (MP 
Biomedicals,  Inc.,  Santa  Ana,  CA,  USA),  and  P32-ATP 
(MP  Biomedicals).  Unless  mentioned  otherwise,  all  other 
reagents,  including  acetyl-methyl  ester  of  indo-1  and  Con 
A  were  obtained  from  Sigma-Aldrich  (Saint  Louis,  MO, 
USA). 

IL-1  (3  treatment 

For  constant  administration,  IL-ip  (100  ng/kg/day)  was 
given  through  a  subcutaneous  (s.c.)  implanted  Alzet 
miniosmotic  pumps  (Alzet  Corp.,  Cupertino,  CA,  USA) 
that  delivered  a  volume  of  0.25  pl/h.  The  pumps  were 
implanted  as  described  (Geng  et  al.  1996).  Briefly,  rats 
were  anesthetized  with  isoflurane-oxygen  and  shaved  at 
the  base  of  the  neck.  A  pocket  of  approximately  2  cm  was 
made  by  a  transverse  incision  under  the  skin,  and  the 
pumps  were  placed  in  the  pocket  with  the  delivery  end  of 
the  pump  facing  toward  the  bottom  of  the  pocket.  For 
intracerebroventricular  (ICV)  delivery,  a  5-mm  long,  28- 
gauge  stainless  steel  cannula  was  placed  stereotaxically 
into  the  rat,  and  connected  to  a  s.c.  -implanted  mini- 
osmotic  pump  (ALZET  Brain  Infusion  Kit,  Alzet  Corp)  as 
described  (Sopori  et  al.  1998b).  Rats  were  anesthetized 
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with  a  mixture  of  ketamine  (85  mg/kg)  and  xylazine 
(15  mg/kg).  For  ICV  placement  of  cannulas,  the  coordi¬ 
nates  were  1  mm  posterior  to  the  bregma  and  1.4  mm 
lateral  to  the  midline.  Miniosmotic  pumps  were  filled  with 
IL-1 13  in  artificial  cerebrospinal  fluid  (aCSF)  or  aCSF  only 
(control).  In  some  rats,  a  single  injection  of  50  ng  of  IL-1 13 
was  given  either  by  a  s.c.  injection  in  0.1  ml  saline  or 
administered  in  6  pi  of  aCSF  in  ICV  cannulas  placed 
surgically  1  week  prior  to  IL- 1  (3  injection. 

NT  treatment 

Nicotine  was  administered  as  (±)  NT  base  through  s.c.- 
implanted  miniosmotic  pumps  that  delivered  2  mg  of  the 
NT/day/kg  body  wt  in  C57BL/6  mice  and  LEW  rats.  In 
rats,  this  amount  of  NT  raises  the  blood  cotinine  (the 
main  metabolic  byproduct  of  nicotine)  level  equivalent  to 
humans  smoking  <1  packet  of  cigarettes/day  (Geng  et  al. 
1995).  To  study  acute  effects  of  NT,  some  mice  received  a 
single  intraperitoneal  (i.p.)  injection  of  7.5  pg  of  NT, 
while  LEW  rats  received  a  single  i.p.  injection  of  62.5  pg 
of  NT. 

Immunizations 

To  determine  the  antibody-forming  cell  (AFC)  response, 
4  days  prior  to  sacrifice,  animals  were  injected  with  5X  108 
sheep  red  blood  cell  (SRBC)  intravenous  (i.v.)  and  i.p.  into 
rats  and  mice,  respectively  (Sopori  et  al.  1989). 

Collection  of  tissues  and  purification  of  T  cells 

Rats  were  scarified  by  isoflurane  inhalation;  some  animals 
were  perfused  through  the  heart  with  endotoxin-free  saline 
prior  to  the  removal  of  the  brain.  Brains  were  collected, 
dissected  longitudinally  into  halves,  and  placed  in  tubes 
containing  TRI  Reagent  (Molecular  Research  Center,  Inc., 
Cincinnati,  OH,  USA),  snap  frozen  in  liquid  nitrogen,  and 
stored  at  -80°C  for  later  RNA  extraction.  Spleens  were 
harvested  and  cell  suspensions  made  as  described  (Razani- 
Boroujerdi  et  al.  1994a).  Briefly,  spleens  were  pressed 
through  stainless  steel  mesh  and  treated  with  buffered 
NH4C1  solution  to  lyse  red  blood  cells.  Cells  were  washed  3 
times  with  PBS  and  resuspended  in  complete  tissue  culture 
medium  (RPM1  1640  supplemented  with  10%  heat- 
inactivated  fetal  calf  serum,  2  mM  L-glutamine,  50  pM  2- 
mercaptoethanol,  1  mM  sodium  pyruvate,  and  1%  penicil¬ 
lin/streptomycin).  Purified  splenic  T  cells  were  obtained  by 
MACS  separation  (Miltenyi  Biotec  Inc.,  USA).  Spleen  cells 
were  suspended  in  PBS  containing  2  mM  EDTA  and 
0.5%  BSA,  and  incubated  with  Rat  Pan  T  cell  Micro 
beads  (Miltenyi  Biotec)  for  15  min  at  4°C,  washed  with 
the  same  buffer,  and  loaded  onto  magnetized  columns. 


The  column  was  moved  out  of  the  magnetic  field,  and 
the  retained  cells  (purified  T  cells)  were  eluted  from  the 
column  with  the  buffer. 

Assay  for  AFC  response 

The  primary  direct  AFC  response  was  determined  by  the 
Cunningham  and  Szenberg  method  as  described  (Sopori  et 
al.  1989).  Briefly,  spleen  cells  were  mixed  with  2%  SRBC 
and  20  pi  of  guinea  pig  complement  (pre-absorbed  on 
SRBC)  in  a  final  volume  of  140  pi.  Aliquots  were 
distributed  in  duplicates  into  Cunningham  slide  chambers, 
incubated  for  45  min  at  37°C,  and  counted  under  low- 
power  microscope.  Results  were  expressed  as  AFC/106 
spleen  cells. 

Assay  for  T  cell  proliferation 

Proliferative  responses  were  performed  as  described  (Geng 
et  al.  1995).  Briefly,  in  a  final  volume  of  0.2  ml  of  complete 
medium,  2x  105  spleen  cells  were  cultured  in  triplicate  in 
flat-bottomed,  96-well  microtiter  plates  in  the  presence 
and  absence  of  indicated  concentrations  of  Con  A  or  anti- 
<x|3-TCR  monoclonal  antibody.  Unlike  the  mouse  and 
human  T  cells,  rat  T  cells  are  activated  to  proliferate  with 
anti-TCR  antibodies  without  anti-CD28.  Plates  were 
incubated  at  37°C  in  a  5%  CO2  atm.  After  48  h,  culture 
wells  were  labeled  with  0.5  pCi  of  [3H]-thymidine  (New 
England  Nuclear  Corp,  Newton,  MA,  USA)  and  harvested 
24  h  later  by  a  Skatron  cell  harvester  (Molecular  Devices 
Inc,  Sunnyvale,  CA,  USA).  Samples  were  counted  in  a 
liquid  scintillation  counter  and  results  expressed  as  the 
mean  cpm  ±  SEM  of  triplicate  cultures. 

Assay  for  intracellular  ionized  calcium  in  lymphocytes 

The  intracellular  calcium  level  ([Ca2+];)  of  splenocytes  was 
measured  using  acetyl-methyl  ester  of  indo-1  under  the 
conditions  described  (Razani-Boroujerdi  et  al.  1994a). 
Briefly,  cells  (5x106/ml)  were  incubated  at  37°C  for 
30  min  with  5  pM  acetyl-methyl  ester  of  indo-1  in  loading 
medium  (PBS  containing,  2  mM  CaCL,  1  mM  MgCl2,  and 
3%  FCS).  After  washing,  cells  were  suspended  in  loading 
medium  and  incubated  at  37°C  for  30  min  in  5%  CCL. 
Cells  were  kept  in  the  dark  on  ice  until  the  assay.  Before 
each  measurement,  1  ml  of  the  cell  suspension  was 
washed  and  resuspended  in  2  ml  of  the  loading  medium. 
The  [Ca2+]j  of  cells  was  determined  by  spectrofluorom- 
etry  in  a  PTI  Deltascan  fluorometer  (Photon  Technology 
International,  Inc.,  Birmingham,  NJ,  USA)  at  37°C  with 
constant,  gentle  stirring.  Recording  of  cell  fluorescence 
was  started  60  s  before  the  addition  of  the  ct|3  anti-TCR 
and  the  secondary  antibody  in  rats,  and  anti-CD3  plus 
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anti-CD28  antibodies  in  mice.  [Ca1+]j  was  calculated  as 
previously  described  (Razani-Boroujerdi  et  al.  1994b). 

Assay  for  PTK  and  Fyn  activities 

Protein  tyrosine  kinase  activity  was  determined  by  irnmuno- 
blotting  using  anti-phosphotyrosine  antibodies  (Geng  et  al. 
1996).  Briefly,  purified  spleen  cells  were  suspended  in  the 
complete  medium  and  incubated  with  anti-TCR  antibody 
(2  p.g/ml)  or  an  equivalent  amount  of  isotype  control 
antibody  for  2  min  at  37°C.  The  reaction  was  stopped  by 
the  addition  of  ice-cold  PBS,  and  the  cell  pellet  was  lysed  in 
cold  R1PA  buffer  (50  mM  Tris-HCl,  pH  7.4,  0.15  M  NaCl, 
0.25%  sodium  deoxycholate,  1%  Nonidet  P-40,  1  mM 
EDTA,  50  mM  NaF,  1  mM  activated  Na3V(\  and  protease 
inhibitors:  1  mM  PMSF,  and  1  pg/ml  each  of  aprotinin, 
leupeptin,  pepstatin).  The  lysates  were  clarified  by  centrifu¬ 
gation  and  aliquots  of  the  lysate  boiled  in  Laemmli  sample 
buffer  (60  mM  Tris-HCl  pH  6.8,  2%  SDS,  10%  glycerol, 
10  mM  DTT,  and  0.001%  bromophenol  blue)  for  5  min. 
Protein  concentration  was  determined  by  the  bicinchoninic 
acid  method  (Thermo  Fisher  Scientific  Inc.,  Rockford,  1L, 
USA),  and  equal  amounts  of  proteins  (10-20  pg)  were 
electrophoresed  on  7.5%  SDS-PAGE  and  transferred  on 
polyvinylidene  difluoride  membranes.  The  blots  were 
blocked  with  5%  dry  skim  milk  protein  (Upstate  Biotech. 
Inc.)  in  10  mM  Tris-HCl  pH  7.4  containing  150  mM  NaCl 
for  1.5  h  at  room  temperature.  The  blots  were  washed  and 
probed  with  anti-phosphotyrosine  monoclonal  antibody  and 
developed  with  HRP-conjugated  second  antibody.  Fyn 
kinase  activity  of  the  lysates  was  determined  essentially  by 
the  method  of  Gould  and  Hunter  (Gould  and  Hunter  1988). 
Briefly,  10  pi  of  anti-p59fyn  antibody  was  added  to  500  pi  of 
cell  lysate  ( 1  mg  protein/ml)  and  incubated  overnight  at  4°C 
on  a  rocker.  Protein-AG  (50  pi)  was  added  to  the  sample, 
and  the  mixture  was  incubated  at  4°C  for  3  h.  The 
immunoprecipitates  were  washed  3X  with  RIEA  buffer  and 
2X  with  the  kinase  buffer  (50  mM  Tris-HCl,  pH  7.4,  3  mM 
MnCB,  0.1  mM  NasVCU),  and  resuspended  in  the  kinase 
buffer.  The  kinase  activity  of  the  immunoprecipitate  was 
assayed  by  incubating  the  immunoprecipitates  with  0.2  pg  of 
acid-treated  enolase  (Sigma-Aldrich)  and  y-32P-ATP 
(10  pCi)  for  20  min  at  room  temperature  (Cooper  et  al. 
1984;  Gould  and  Hunter  1988).  The  reaction  was  stopped  by 
the  addition  of  Laemmli  sample  buffer,  boiled  for  5  min,  and 
the  samples  analyzed  on  10%  SDS-PAGE.  The  gel  was 
dried,  and  the  phosphorylated  enolase  was  visualized  by 
autoradiography. 

Real-time  PCR  (qPCR)  for  IL-1|3  mffNA  expression 

Total  RNAwas  isolated  from  the  frozen  brain  as  described 
(Razani-Boroujerdi  and  Sopori  2007).  Briefly,  tissues  were 


homogenized  in  the  presence  of  TRI  Reagent  (Molecular 
Research  Center).  Total  RNA  was  isolated  using  the  BCP 
phase  separation  reagent  (Molecular  Research  Center  Inc.). 
RNAwas  precipitated  by  2-propanol  and  washed  with  75% 
ethanol.  The  RNA  pellet  was  dried  for  a  short  time, 
resuspended  in  RNase-free  water,  and  quantitated  spectro- 
photometrically.  The  IL-1|3  and  GAPDH  primers  and 
probes  were  purchased  from  Applied  Biosystem  (Foster 
City,  CA).  qPCR  was  performed  on  the  Prism  7900  HT 
sequence  Detection  System  (Life  Technologies  Corp., 
Carlsbad,  CA,  USA),  using  the  one-step  RT-PCR  master 
mix  (Life  Technologies  Corp.),  and  standard  protocols. 
PCR  was  performed  for  40  cycles  with  denaturation  (95°C 
for  15  s)  and  annealing  (60°C  for  60  s).  All  results  were 
derived  from  the  linear  amplification  curve  and  normalized 
to  GAPDH.  The  AACT  method  was  used  to  calculate  the 
fold  change  in  IL-1|3  expression. 

Assay  for  corticosterone 

Serum  corticosterone  (CORT)  levels  were  measured  using 
the  instructions  and  reagents  provided  with  a  3H-CORT 
radioimmunoassay  kit  (ICN  Pharmaceuticals  Inc.,  Costa 
Mesa,  CA,  USA) 

Measurement  of  the  deep  body  temperature  (Tb) 

One  week  before  the  implantation  of  1L-1|3  delivering 
miniosmotic  pumps,  rats  were  implanted  intra-abdominally 
with  biotelemeters  (model  VM-FH;  Mini-Mitter  Co.,  Bend, 
OR,  USA)  as  reported  (Sopori  et  al.  1998a;  Sopori  et  al. 
1998b).  After  the  implantation,  the  animals  were  housed 
individually  in  plastic  cages  in  special  temperature- 
controlled  rooms  at  25°C±0.1°C.  Signals  for  Tb  were 
collected  at  5 -min  intervals  with  a  peripheral  processor 
(Dataquest  III  system)  connected  to  a  personal  computer.  To 
test  the  pyrogenic  properties  of  IL- 1  (3  contained  in  the 
miniosmotic  pumps  after  14  days  of  implantation,  the 
contents  of  the  pumps  were  harvested,  pooled,  and  injected 
into  biotelemeters  implanted  rats  i.v.  Tb  was  recorded 
following  the  injection  of  the  contents  of  miniosmotic 
pumps  or  vehicle. 

Statistical  analysis 

Statistical  comparisons  between  three  or  more  experi¬ 
mental  groups  were  performed  using  a  one-way  analysis 
of  variance.  The  Scheffe  post  hoc  test  was  used  to 
determine  the  significance  among  groups,  and  the  Stu¬ 
dent’s  f-test  was  to  compare  the  means  between  two 
groups  (CON  and  IL-1  (3-treated).  These  statistical  proce¬ 
dures  were  performed  using  ABSTAT  (Anderson-Bell 
Corp.,  Arvada,  CO,  USA). 
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Results 

Acute  exposure  to  NT  transitorily  increases  IL-1  (3 
expression  in  the  brain 

We  and  others  have  shown  that  NT  is  anti-inflammatory 
(Sopori  2002;  Scott  and  Martin  2006;  Ulloa  and  Wang 
2007)  and  reduces  the  pyrogenic  response  to  turpentine- 
induced  sterile  abscess  (Sopori  et  al.  1998a;  Sopori  et  al. 
1998b;  Razani-Boroujerdi  et  al.  2004).  Because  the  brain 
IL-1  (3  is  an  important  cytokine  for  the  pyrogenic  response 
to  turpentine  (Horai  et  al.  1998;  Kozak  et  al.  1998),  we 
ascertained  whether  NT  affected  the  expression  of  IL-1 13  in 
the  brain.  C57BL/6  mice  were  treated  with  a  single  i.p. 
injection  of  7.5  p.g  of  NT,  and  the  brain  IL-1  (3  expression 
was  determined  by  qPCR  analysis  at  various  times  after  NT 
injection.  Surprisingly,  within  1  h  after  NT  treatment,  the 
expression  of  IL-1 13  in  the  brain  increased  significantly  and 
peaked  at  around  24  h  post-NT  administration  (Fig.  1A). 
Similar  changes  in  the  brain  IL-1  (3  expression  were 
observed  when  LEW  rats  were  challenged  with  62.5  q.g  of 
NT  via  single  i.p.  injection  (Fig.  IB).  Chronic  treatment  of 
C57BL/6  mice  with  NT  through  Alzet  miniosmotic  pumps 
increased  IL-1|3  mRNA  that  peaked  at  4  d  and  returned  to 
the  baseline  around  8  d  (Fig.  1C);  a  similar  increase  in  IL- 
1 13  was  also  observed  after  chronic  NT  treatment  of  LEW 
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Fig.  1  NT  treatment  induces  IL-1  (3  expression  in  the  brain.  (A) 
C57BL/6  mice  were  injected  with  single  i.p.  injection  of  7.5  p.g  NT 
and,  at  various  times  following  NT  administration,  the  brain  mRNA 
was  analyzed  by  qPCR  for  IL-1  (3  expression.  (B)  Brain  IL-1  (3  qPCR 
analysis  of  LEW  Rats  injected  with  single  i.p.  injection  of  62.5  pg  NT 
at  various  time  points  after  administration.  (C)  C57BL/6  mice  were 


rats  that  peaked  at  one  wk  but  reverted  to  the  baseline  levels 
around  3  weeks  after  treatment  (Fig.  ID).  Thus,  both  acute 
and  chronic  NT  treatments  increase  the  brain  expression  of 
IL-1 13  in  both  mice  and  rats;  however,  even  in  the  continued 
presence  of  NT,  the  cytokine  expression  dropped  within  2 
to  3  weeks  of  chronic  NT  exposure.  Interestingly,  intramus¬ 
cular  (i.m.)  administration  of  small  quantities  of  turpentine 
(a  model  for  sterile  abscess)  increased  1L- 1  (3  expression  in 
the  brain  of  naive  control  rats;  however,  animals  treated 
chronically  with  NT  for  2  to  3  weeks,  failed  to  increase  1L- 
1 13  after  the  turpentine  treatment  (Fig.  2).  The  suppression 
of  cytokine  expression  by  chronic  NT-treatment  was  not 
absolute,  and  larger  doses  of  LPS  broke  the  state  of 
unresponsiveness  and  induced  production  of  proinflamma- 
tory  cytokines,  including  IL- 1  (3  and  TNF-a  (not  shown). 
These  results  suggest  that  following  the  early  increase  in 
IL- 1  (3 ,  chronic  NT  induces  a  state  of  unresponsiveness 
(“tolerance”)  to  proinflammatory/pyrogenic  stimuli;  how¬ 
ever,  the  tolerance  is  not  total  and  is  broken  by  stronger 
proinflammatory  stimuli. 

Unlike  WT  mice,  IL-1R  KO  mice  do  not  exhibit 
NT-induced  “tolerance” 

To  ascertain  whether  the  early  increase  in  IL-1  (3  and  its 
interaction  with  IL-1R  were  obligatory  for  the  induction  of 
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chronically  exposed  to  NT  (2  mg/kg/day)  through  Alzet  miniosmotic 
pumps,  and  brain  tissues  were  analyzed  by  qPCR  for  1 L- 1  (3 
expression  at  2  days,  4  days  and  8  days  post  NT  treatment.  (D)  qPCR 
analysis  of  IL- 1 13  expression  in  the  brain  of  LEW  Rats  chronically 
exposed  to  NT  (2  mg/kg/day)  1-3  week  post  NT  treatment.  Bar  graphs 
represent  mean  ±  SEM  from  five  rats/group.  *  P<0.05 
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Fig.  2  Chronic  NT  exposure  blocks  turpentine-induced  expression  of 
1L-1  (3  in  brain.  Rats  were  exposed  to  saline  (CON)  or  NT  for  3  weeks 
and  then  injected  i.m.  with  turpentine  (Turp).  At  24  h  after  turpentine 
injection,  brain  mRNAwas  analyzed  for  IL- 1  (3  expression  by  qPCR. 
Results  are  mean  ±  SEM  from  five  rats/group.  *  P<0.05 

NT-induced  “tolerance”,  we  compared  the  brain  1L-1  (3 
expression  in  WT  and  IL-1R  KO  C57BL/6  mice  after  a  3- 
weeks  exposure  to  NT.  Although  the  IL-1R  KO  mice  did 
not  exhibit  as  robust  NT-induced  IL- 1  (3  expression  as  WT 
control  mice,  the  brain  IL-1|3  expression  remained  signif¬ 
icantly  higher  than  WT  mice  even  after  3-weeks  of  NT 
exposure  (Fig.  3).  Thus,  unlike  normal  mice,  where  brain 
1L-1  (3  expression  returned  to  baseline  after  1  to  3  weeks  of 
exposure,  increased  IL- 1(3 -induced  expression  persisted  in 
IL-1R  KO  mice.  Therefore,  it  is  likely  that  production  of 
1L-1  (3  and  the  interaction  between  IL- 1  (3  and  IL-1R  during 
the  early  phase  of  NT  treatment  are  critical  for  the  induction 
of  cytokine-induced  suppression  during  the  chronic  phase 
of  NT  treatment. 

IL-1R  KO  mice  are  resistant  to  the  immunomodulatory 
effects  of  NT 

Nicotine  inhibits  the  T-cell-dependent  antibody  response,  T 
cell  proliferation,  and  inflammatory  responses  (Sopori  et  al. 
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Fig.  3  Chronically  NT-treated  IL-1R  KO  mice  have  higher  brain 
expression  of  IL-1  (3  mRNA  than  WT  C57BL/6  mice.  Mice  (IL-1R 
KO  and  WT)  were  treated  with  NT  (1  mg/kg/day)  via  Alzet 
miniosmotic  pumps,  and  brain  tissues  were  analyzed  for  1L-1J3 
expression  by  qPCR  after  3  weeks  of  NT  treatment.  Bar  graphs 
represents  mean  ±  SEM  from  five  mice/group.  *  P<0.05 


1989;  Sopori  et  al.  1998a;  Wang  et  al.  2003;  Razani- 
Boroujerdi  et  al.  2004;  Mishra  et  al.  2008).  To  examine 
whether  the  immunosuppressive  effects  of  NT  were  related 
to  IL-lR-mediated  responses,  IL-1R  KO  and  WT  mice 
were  chronically  exposed  to  NT  for  3  week,  and  spleen 
cells  were  examined  for  the  AFC  response  to  SRBC,  Con 
A-induced  T  cell  proliferation,  and  anti-TCR/CD28-stimu- 
lated  rise  in  [Ca2+]i.  Although  1L-1R  KO  mice  exhibited  a 
significantly  lower  anti-SRBC  AFC  response  than  WT 
mice,  NT  inhibited  the  AFC  (Fig.  4A)  and  Con  A  (Fig.  4B) 
responses  in  WT  but  not  in  IL-1R  KO  mice.  Similarly,  NT 
significantly  blunted  the  anti-TCR/CD28-induced  rise  in 
[Ca2+]i  in  WT  but  not  IL-1R  KO  spleen  cells  (Fig.  5). 
These  data  indicate  that  IL-1R  KO  mice  are  resistant  to 
the  immunosuppressive  effects  of  NT,  and  IL- 1  (3  may 
play  an  important  role  in  mediating  the  NT-induced 
immunosuppression. 

ICV  but  not  s.c.  exposure  to  IL-1  (3  inhibits  the  AFC 
response 

To  ascertain  whether  chronic  exposure  to  IL-1  (3  is 
immunosuppressive,  rats  were  given  IL-1  (3  (100  ng/day/ 
Kg)  either  centrally  (ICV)  or  peripherally  (s.c.)  via 
miniosmotic  pumps  for  1  and  2  week.  The  animals  were 
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Fig.  4  Chronic  NT  treatment  does  not  affect  the  immune  responses  of 
IL-1R-KO  mice.  WT  and  IL-1R-KO  mice  («  =  6/group)  were 
implanted  with  NT  (2  mg/kg/day)-  or  PBS-containing  Alzet  mini- 
osmotic  pumps  for  3  weeks.  Four  days  prior  to  sacrifice,  animals  were 
immunized  with  SRBC,  and  the  spleen  cells  were  analyzed:  (A)  AFC/ 
10s  spleen  cells;  (B)  Con  A-induced  proliferation  as  described  in 
Materials  and  methods.  Bar  graphs  represent  mean  ±  SEM.  *  P<0.05 
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Fig.  5  Chronic  NT  treatment  does  not  affect  the  TCR-mediated 
[Ca2+]i  responses  of  IL-1R-KO  spleen  cells.  WT  and  IL-1R-KO  mice 
(n=6)  were  treated  with  NT  or  PBS  (CON)  as  described  in  Fig.  4,  and 
the  anti-CD3/CD28-induced  [Ca2+]j  response  of  splenocytes  was 
measured  by  fluorometry.  A  representative  set  of  [Ca2+]j  responses  is 
shown  in  the  figure  after  subtracting  the  basal  (unstimulated)  values 
for  [Ca2+]j 


immunized  with  SRBC  4  days  before  the  sacrifice,  and 
spleen  cells  were  tested  for  the  anti-SRBC  AFC 
response.  Until  1  week  after  1L- 1  (3  treatment,  there  was 
no  significant  difference  in  the  AFC  response  between 
controls  and  IL-1 13 -treated  animals  (data  not  shown); 
however,  at  2  weeks  after  IL- 1  (3  treatment,  ICV  but  not 
s.c.  administration  of  IL- 1  (3  led  to  a  significant  decrease 
in  the  anti-SRBC  AFC  response  (Fig.  6).  ICV  adminis¬ 
tration  of  IL-1  (3  also  inhibited  T  cell  proliferation  in 
response  to  Con  A  (Fig.  7A)  and  anti-TCR/CD28 
(Fig.  7B).  Moreover,  the  increase  in  [Ca2+];  in  response 
to  TCR  ligation  was  also  attenuated  by  the  IL-1  (3 
treatment  (Fig.  7C).  None  of  these  parameters  were 
affected  by  s.c.  administration  of  IL- 1  (3  (not  shown). 
These  results  suggest  that  chronic  presence  of  low  levels 
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Fig.  6  Chronic  ICV  IL-1|3,  but  not  s.c.  IL-1|3  treatment  inhibits  the 
anti-SRBC  AFC  response.  Rats  («=6/group)  were  given  IL-1  (3 
(100  ng/day/kg),  aCSF  (CON)  through  ICV-implanted  cannulas,  or 
IL-1  (3  (s.c.;  100  ng/day/kg)  via  s.c.  miniosmotic  pumps  for  2  weeks, 
and  immunized  with  SRBC  4  days  prior  to  sacrifice.  The  anti-SRBC 
AFC  response  of  spleen  cells  was  determined  as  described  in  Fig.  4. 
The  graph  represents  mean  ±  SEM  of  AFC/106  spleen  cells.  *  P<0.05 
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Fig.  7  Chronic  ICV  exposure  to  IL-1  (3  causes  immunosuppression. 
Rats  (n=6/group)  were  treated  with  IL-1  (3  or  aCSF(CON)  for  2  weeks 
as  described  in  Fig.  6.  Spleen  cells  were  evaluated  for  Con  A  (A)  and 
anti-TCR-induced  (B)  proliferative  responses.  (C)  A  representative 
profile  of  the  spleen  cell  anti-TCR-induced  [Ca2+];  response  is  shown 
as  described  in  Fig.  5.  Bar  graphs  are  mean  ±  SEM.  *  P<0.05 

of  IL-1  (3  in  the  brain,  but  not  in  the  periphery,  suppresses 
T  cell  responses. 

Chronic  IL-1  (3  exposure  does  not  increase  serum  CORT 
levels 

Acute  administration  of  IL-1  [3  activates  the  hypothala¬ 
mus-pituitary-adrenal  (HPA)  axis  and  increases  the 
production  of  glucocorticoids  (Skurlova  et  al.  2006). 
Therefore,  it  was  possible  that  chronic  low-dose  IL-1  (3 
also  stimulated  CORT  production  that  in  turn  suppressed  T 
cell  function.  Blood  CORT  levels  were  determined  in  rats 
at  4  h  after  acute  ICV  IL-1  (3  (50  ng/animal)  administration 
and  at  14  days  after  chronic  ICV  IL- 1  (3  (100  ng/day/kg 
body  wt)  exposure.  While  acute  bolus  exposure  signifi¬ 
cantly  increased  the  serum  CORT  level,  chronic  exposure 
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Fig.  8  Changes  in  serum  CORT  levels  after  ICV  IL-1|3  administra¬ 
tion.  Rats  were  treated  ICV  with  IL-1|3  (50  ng/day/kg)  or  aCSF 
(CON)  for  4  h  or  12  days.  The  10:00  AM  serum  CORT  levels  were 
determined  as  described  in  Materials  and  methods.  Bar  graphs 
represent  mean  ±  SEM  of  4  animals/group.  *  P<0.05 

to  IL-ip  did  not  cause  significant  change  in  CORT  level 
on  day  14  (Fig.  8).  Therefore,  as  with  chronic  NT 
treatment  (Singh  et  al.  2000),  it  is  unlikely  that  the 
immunosuppressive  effects  of  the  chronic  IL-1  (3  adminis¬ 
tration  resulted  from  the  increased  serum  CORT  levels 
through  activation  of  the  HPA  axis. 

Chronic  ICV  administration  of  IL-1  (3  reduces  its  pyrogenic 
activity 

Chronic  NT  treatment  blunts  the  turpentine-induced  fever 
response  in  rats  (Razani-Boroujerdi  et  al.  2004).  To 
evaluate  whether  chronic  ICV  administration  of  IL-1  (3 
altered  the  pyrogenic  response  of  animals,  rats  were  intra- 
abdominally  implanted  with  biotelemeters  to  monitor  Tb. 
Rats  were  also  implanted  with  ICV  cannulas  for  chronic 
administration  of  aCSF  (control)  or  IL- 1  (3  (100  ng/day/kg 
body  wt)  through  s.c. -implanted  miniosmotic  pumps.  Tb 
was  recorded  every  5  min,  and  average  Tb  traces  for 
controls  and  IL-1 13 -treated  rats  during  the  light/dark  cycle 
of  the  day  (where  the  rats  are  at  rest  or  active, 
respectively)  are  shown  in  Fig.  9.  It  is  clear  that  during  the 
early  phase,  IL-1  (3  increased  the  Tb  significantly  and  skewed 
the  Tb  circadian  rhythm;  however,  continued  presence  of  IL- 
1P  blunted  the  Tb  response  and  normalized  its  circadian 
rhythm.  By  day  10,  IL-1  p -treated  rats  were  essentially 
indistinguishable  from  the  aCSF-treated  animals.  To  ascertain 
whether  the  IL- 1 P  contained  in  the  miniosmotic  pumps 
retained  its  biological  (pyrogenic)  activity,  pumps  were 
removed  from  several  animals  on  day  14,  and  the  pooled 
material  (equivalent  to  approximately  100  ng  of  IL-ip/kg 
body  wt)  was  injected  i.v.  into  naive  rats.  Compared  to  aCSF- 
treated  rats,  the  pooled  sample  caused  a  significant  rise  in  Tb 
within  60  min  of  the  injection  (not  shown),  thus  indicating  that 
the  IL- 1  (3  within  osmotic  pumps  was  biologically  active  at 
2  weeks  after  the  implantation.  These  results  suggest  that  the 
constant  presence  of  IL- 1 P  in  the  brain  blunts  its  pyrogenic 
activity. 


Acute  ICV  administration  of  IL-lf3  activates  Fyn  and  PTK 
activities  in  splenic  T cells 

One  of  the  earliest  effects  of  TCR  ligation  is  the  activation 
of  PTK,  including  Src-like  kinases  Fyn  and  Lck  (Salmond 
et  al.  2009).  NT  exposure  activates  PTK  and  Fyn  in  T  cells 
(Geng  et  al.  1996;  Kalra  et  al.  2004).  To  determine  whether 
IL- 1 P  stimulates  PTK  activities,  rats  were  surgically 
implanted  with  ICV  cannulas,  and  1  week  after  the  surgery 
a  single  administration  of  50  ng  of  IL-1  P  in  5  p.1  of  aCSF  or 
aCSF  alone  was  injected  into  the  cannulas.  In  another  group 
of  rats,  50  ng  of  IL-1  P  in  50  ul  of  PBS  was  injected  i.v. 
Animals  were  sacrificed  2  h  later,  and  splenic  T  cells  were 
isolated.  After  culturing  with  anti-TCR  or  isotype  control 
antibodies  for  2  min,  T  cell  lysates  were  prepared,  run  on 
gels,  and  probed  with  anti-phosphotyrosine  antibodies  to 
detect  total  PTK  activity.  Extracts  were  also  treated  with 
anti-Fyn  monoclonal  antibody,  and  the  immunoprecipitated 
Fyn  was  assayed  for  the  kinase  activity.  Prior  to  anti-TCR 
treatment,  the  basal  PTK  activity  in  T  cells  from  control  rats 
(aCSF-treated)  was  low;  the  activity  increased  significantly 
after  the  anti-TCR  treatment  (Fig.  10A).  On  the  other  hand, 
the  PTK  activity  in  T  cells  from  ICV  IL-1  P-treated  rats  was 
high  even  before  the  anti-TCR  treatment,  and  this  activity 
did  not  increase  significantly  after  the  anti-TCR  treatment. 
Similarly,  the  ICV  IL-ip  administration  also  increased  the 
Fyn  activity  (Fig.  10B).  These  results  suggest  that  within 
2  h  a  single  ICV  but  not  i.v.  exposure  of  IL- 1  (3  activates 
intracellular  signaling  in  splenic  T  cells. 

Discussion 

We  have  previously  shown  that  chronic  ICV  exposure  to 
very  small  amounts  of  NT  (human  equivalent  of  <0.5 
cigarettes/day)  caused  immunosuppression  that  was 
blocked  by  the  non-selective  nicotinic  acetylcholine  recep¬ 
tor  (nAChR)  antagonist  mecamylamine  (Singh  et  al.  2000). 
This  suggested  that  central  nAChRs  are  involved  in  the  NT- 
induced  immunosuppression.  Moreover,  NT  treatment  also 
blocked  the  pyrogenic  response  of  turpentine  (an  inducer  of 
brain  IL-ip  levels),  suggesting  a  possible  link  between  IL- 
1P  (the  major  pyrogen)  and  immunosuppression.  Similar 
effects  of  NT  on  immunosuppression  and  pyrogenic  activity 
were  also  observed  when  NT  was  chronically  administered 
s.c.  at  higher  doses  (human  equivalent  of  about  1  pack/day) 
(Sopori  et  al.  1998a;  Sopori  et  al.  1998b).  Therefore,  we 
expected  that  NT  treatment  would  inhibit  the  formation  of 
pyrogenic  cytokine  IL-1  P  in  the  brain.  Surprisingly, 
however,  the  data  presented  herein  clearly  indicate  that 
acute  NT  exposure  actually  increased  IL- 1  (3  expression  in 
the  brain,  and  it  is  only  after  chronic  NT  exposure  that  IL- 
1  p  expression  decreased  to  control  levels.  Although  not  as 
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Fig.  9  Changes  in  Tb  after  ICV  IL-1  (3  or  aCSF  (CON)  exposure.  Rats 
(n-  12/group)  were  implanted  with  biotelemeters  to  monitor  Tb  as 
described  in  Materials  and  methods.  Seven  days  post-implantation, 
animals  were  given  IL-1  (3  (100  ng/d/kg)  or  aCSF  (CON)  via  ICV 


cannulas  in  the  morning.  Average  changes  in  Tb  are  shown  for  CON 
and  IL-1  (3 -treated  animals  1  day  before  IL-l|3/aCSF  administration  and 
1,  7,  and  10  days  post  IL-l|3/aCSF  ICV  exposure.  The  horizontal  bar 
over  the  X-axis  indicates  the  dark  ( active )  phase  of  the  light/dark  cycle 


strongly,  NT  moderately  increased  the  expression  of  TNF-a 
and  IL-6  (not  shown).  Moreover,  approximately  2  weeks 
into  NT  exposure,  when  challenged  with  an  inflammatory 
stimulus  such  as  turpentine  or  cryptococcal  extracts 
(unpublished  observation),  the  animals  failed  to  elicit  a 
proinflammatory  cytokine  response  in  the  brain;  however, 
the  response  to  LPS  was  dose  dependent  (i.e.,  at  low 
concentration  of  LPS  nicotine  was  effective  in  blocking 
inflammation,  but  at  high  concentration,  the  selected 
concentration  of  nicotine  was  not  very  effective  in 
moderating  the  proinflammatory  response).  Thus,  NT 
induces  a  biphasic  response  in  the  brain:  Acutely  it  induces 
the  expression  of  proinflammatory  cytokines,  particularly 
1L- 1  (3  and,  chronically,  the  anti-inflammatory  phase  replac¬ 
ing  the  initial  proinflammatory  phase,  where  continued 
presence  of  nicotine  is  unable  to  sustain  the  initial  rise  in 
IL-1  (3  levels. 

Proinflammatory  cytokines  such  as  TNF-a,  IL-1  (3,  and 
IL-6  are  produced  during  acute  inflammatory  responses 
(Dinarello  2000);  however,  IL-1  (3  has  also  been  implicated 
in  neuroprotection  (Stoll  et  al.  2002;  Pinteaux  et  al.  2009). 
Increasing  evidence  shows  that  the  early  presence  of  these 
cytokines  promotes  protection  against  inflammation  and 
sepsis  (del  Rey  and  Besedovsky  2000;  Kox  et  al.  2000;  Jin 
et  al.  2009).  In  fact,  when  given  prophylactically,  IL-1  (3 
was  protective  in  a  mouse  model  of  acute  lung  injury  (Torre 
et  al.  1994).  Similarly,  pretreatment  with  sublethal  doses  of 
endotoxin  increases  proinflammatory  cytokine  production, 
but  it  also  protects  against  septic  peritonitis  through  a 
mechanism  independent  of  the  adaptive  immunity  (Urbaschek 
and  Urbaschek  1987;  \hrma  et  al.  2005);  similar  results  are 
achieved  by  pretreatment  with  IL-1 13  and  TNF-a  (Urbaschek 
and  Urbaschek  1987).  Thus,  in  general,  early  presence  of 
proinflammatory  cytokines  ushers  in  an  anti-inflammatory 
phase,  and  it  is  possible  that  the  early  induction  of  IL- 1  (3 


is  critical  for  the  subsequent  immunosuppression  and  the 
anti-inflammatory  response  seen  in  chronically  NT-treated 
animals. 

Although,  NT  induces  the  expression  of  other  proin¬ 
flammatory  cytokines  (e.g.,  TNF-a,  IL-6)  in  the  brain,  the 
predominant  response  is  that  of  IL-1  (3,  which  is  also 
implicated  in  the  protection  from  neuroinflammation  (Jin 
et  al.  2009).  To  ascertain  whether  IL-1  (3  is  critical  for  the 
NT-induced  immunosuppression,  we  used  IL-1R  KO  mice. 
These  mice  tend  to  be  immunologically  hyporesponsive 
such  as  antibody  response,  clearance  of  pathogens  (Lebeis 
et  al.  2009),  and  pyrogenic  effects  of  turpentine  (Kozak  et 
al.  1998);  however,  unlike  the  WT  mice,  chronic  exposure 
of  IL-1R  KO  mice  to  NT  did  not  cause  the  progressive 
decline  in  the  IL-1  (3  expression  in  the  brain.  Moreover,  IL- 
1R  KO  mice  were  refractory  to  the  immunosuppressive 
effects  of  chronic  NT  treatment,  such  as  antibody  response 
to  SRBC  and  anti-TCR/CD28-induced  T  cell  proliferation. 
Although  the  KO  animals  also  expressed  TNF-a,  it  did  not 
replace  the  function  of  IL-1  (3  in  inducing  the  anti¬ 
inflammatory  phase  of  chronic  NT  treatment.  Thus,  the 
interaction  between  IL-1  (3  and  its  receptor  is  critical  for 
induction  of  NT-induced  immunosuppression. 

To  prove  that  brain  IL-1  (3  modulates  the  immune/ 
inflammatory  responses,  we  examined  the  effects  of  ICV 
administration  of  IL-1  (3  on  various  parameters  of  inflam¬ 
mation  and  TCR  signaling.  Initially,  IL- 1  (3  increased  fever 
and  the  serum  concentration  of  CORT;  however,  continued 
presence  of  IL- 1  (3  prompted  a  progressive  decrease  in  Tb 
and  serum  CORT  levels,  and  at  around  10  days  after  IL- 1  (3 
treatment,  Tb  and  CORT  were  comparable  to  control 
animals.  The  decrease  did  not  reflect  the  loss  of  IL-1  (3 
biological  activity  in  the  implanted  pumps;  as  the  IL-1  (3 
collected  on  day  14  from  the  implanted  pumps  induced  a 
fever  response  in  naive  animals.  In  addition  to  down- 


A)  Springer 


Author's  personal  copy 


A 

CON  IL-ip 


B 

CON  IL-ip 


MW(KD)  0  2  0  2  min 


Fig.  10  Acute  IC V  administration  of  IL- 1  (3  activates  Fyn  and  PTK 
activities  in  splenic  T  cells.  Rats  (3/group)  were  implanted  with  ICV 
cannulas  1  week  prior  to  single  injection  of  5  p.1  of  aCSF  (CON)  or 
IL-1  (3  (50  ng/kg).  Spleen  cells  were  isolated  and  the  extracts  were 
resolved  by  Western  blotting  and  visualized  by  anti-phosphotyrosine 
antibodies  for  PTK  activity  (A).  The  extracts  were  also  immunopre- 
cipitated  with  an  anti-Fyn  antibody,  and  the  immunoprecipitates  were 
used  to  detennine  Fyn  kinase  activity  (B)  as  described  in  Materials 
and  methods.  Representative  blots  are  shown  in  the  figures 

regulation  of  the  acute  phase  response  (i.e.,  activation  of  the 
HPA  axis  and  fever  response),  chronic  IL-1  (3  exposure  also 
suppressed  the  T  cell  function  including  the  mitogen  and 
TCR-induced  proliferative  responses,  and  production  of 
antibodies  to  SRBC.  Thus,  chronic  exposure  to  IL-1  (3 
attenuates  the  innate  and  adaptive  immune  responses. 

Under  our  conditions,  unlike  ICV  administration,  chronic 
s.c.  administration  of  low  concentrations  of  IL-1|3  did  not 
significantly  affect  the  immune  responses.  This  was 
surprising  because  both  IL-1  (3  and  TNF-a  are  protective 
in  the  mouse  sepsis  model  (Urbaschek  and  Urbaschek 
1987).  It  is  possible  that,  similar  to  NT  (Sopori  et  al. 
1998b),  the  concentration  of  IL-1  (3  required  to  elicit  a 
biological  response  through  peripheral  routes  is  much 
higher  than  the  concentration  needed  to  produce  a  similar 


response  via  the  ICV  route,  and  it  is  likely  that  in  our 
experiments  the  concentration  of  IL-1  (3  required  to  affect 
immune  responses  was  not  attained  through  s.c.  adminis¬ 
tration. 

Chronic  NT  failed  to  suppress  T  cell  responses  in  IL-1R 
KO  mice.  Given  that  these  KO  mice  lack  a  functional  IL-1 
receptor,  the  loss  of  IL-1  function  in  these  animals  is 
understandable;  however,  IL-1R  KO  mice  have  a  functional 
TNF-a  receptor  and  exhibit  a  moderate  increase  in  TNF  in 
response  to  NT  (not  shown).  Thus,  TNF-a  is  not  as 
efficient  as  IL- 1  (3  in  inducing  the  immunosuppressive 
phase  in  these  mice.  There  are  two  potential  but  not 
necessarily  mutually  exclusive  explanations  for  the  failure 
of  IL-1R  KO  mice  to  respond  to  elevated  levels  of  TNF-a 
after  NT  treatment:  (a)  the  immune/inflammatory  responses 
in  IL-1R  KO  are  relatively  weak  and  the  concentration  of 
TNF-a  elicited  by  NT  in  KO  mice  was  not  sufficient  to 
affect  the  immune  response.  Moreover,  IL-6  and  TNF-a  are 
considered  to  be  IL-1 -responsive  genes  and  are  significant¬ 
ly  reduced  in  IL-1R  KO  glial  cells  (Parker  et  al.  2002);  (b) 
the  efficacy  of  a  cytokine  to  induce  the  protective  response 
depends  on  the  mouse  strain.  Thus,  IL-1  is  far  superior  in 
providing  radioprotection  in  C57BL/6  than  C3H  mice,  and 
TNF  is  better  than  IL-1  in  C3H  than  C57BL/6  (Neta  et  al. 
1988).  Because  IL-1R  KO  mice  are  on  a  C57BL/6 
background,  it  is  likely  that  IL-1  (3  is  a  superior  inducer 
than  TNF-a  in  these  mice.  Although  we  directly  tested  only 
IL-1  (3  in  this  model,  NT  also  induced  IL-la  and,  because 
both  cytokines  activate  the  same  receptor,  it  is  possible  that 
either  of  them  could  be  effective  in  dampening  the  immune 
response. 

A  bidirectional  communication  exists  between  the  brain 
and  the  immune  system  (Blalock  1994),  and  chronic 
presence  of  IL- 1  (3  in  the  brain  may  modulate  this 
communication.  However,  it  is  clear  that  even  the  acute 
presence  of  IL-1  (3  affected  the  interaction  between  the  brain 
and  the  immune  system  and  ICY  but  not  i.v.,  administration 
of  relatively  small  concentrations  of  IL-1 13 -induced  Fyn 
and  PTK  activities  in  splenic  T  cells  within  2  h  of  the 
administration.  Thus,  changes  in  the  brain  milieu  are 
immediately  transmitted  to  the  immune  system. 

The  above  results,  we  believe,  provide  the  first  direct 
demonstration  that  a  neuroactive  substance  such  as  NT 
invokes  a  proinflammatory  response  in  the  brain  to  control 
the  immune  system.  A  number  of  human  conditions  are 
associated  with  upregulated  expression  of  IL-1  in  the  brain 
that  eventually  leads  to  immunosuppression.  For  example, 
head  trauma  stimulates  an  inflammatory  response  followed 
by  a  compensatory  anti-inflammatory  response  (Lenz  et  al. 
2007;  Lu  et  al.  2009).  Similarly,  the  proinflammatory  phase 
of  neuroinflammation  is  essential  for  limiting  subsequent 
inflammation  (Kox  et  al.  2000;  \hrma  et  al.  2005),  and  we 
suggest  that  change  in  the  cytokine  milieu  in  the  brain  is  an 
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important  mechanism  for  limiting  the  immune/inflammato¬ 
ry  responses.  Furthermore,  we  postulate  that  the  brain 
senses  inflammation  through  proinflammatory  cytokines,  in 
particular  IL-1,  and,  because  inflammation  can  have  severe 
adverse  consequences  in  the  CNS,  the  brain  has  developed 
a  mechanism(s)  to  limit  the  immune  and  inflammatory 
responses.  The  precise  mechanism  by  which  the  chronic 
presence  of  IL-1  limits  immune/inflammatory  responses  is 
not  clear.  It  is  possible  that  the  chronic  presence  of  IL-1 
downregulates  the  expression  of  IL-1  receptors  and/or  the 
production  of  the  soluble  IL-1R  antagonist;  however,  these 
possibilities  remain  to  be  explored. 
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Abstract: 

Background:  Gestational  exposure  to  cigarette  smoke  (CS)  through  parental  smoking 
adversely  affects  pulmonary  function  in  children,  and  increases  the  risk  of  bronchopulmonary 
dysplasia  (BPD).  BPD  is  a  neonatal  lung  condition  characterized  by  decreased  alveolarization, 
angiogenesis  and  surfactant  production;  however,  the  mechanism  by  which  gestational 
exposure  to  CS  induces  BPD  is  not  clear. 

Objective:  To  determine  if  gestational  CS  induces  BPD  in  mice  and  ascertain  the  role  of 
nicotinic  acetylcholine  receptors  in  this  response. 

Methods:  BALB/c  or  C57BL/6  mice  were  exposed  to  fresh  air  (control)  or  secondhand  CS  (SS) 
throughout  gestation  or  postnatally  up  to  10  wk.  Lungs  were  examined  7  days,  10  weeks,  and  8 
months  afterbirth. 

Results:  Gestational,  but  not  postnatal  exposure  to  SS  caused  typical  BPD-like  condition 
associated  with  suppressed  angiogenesis  (decreased  VEGF,  VEGFR,  and  CD34),  irreversible 
hypoalveolarization,  and  significantly  decreased  expression  of  Clara  cell  secretory  protein  and 
surfactant  protein-B  without  affecting  airway  ciliated  cells.  Importantly,  treatment  with  nicotinic 
receptor  antagonist  (mecamylamine)  during  the  gestational  period  blocked  the  effects  of  SS- 
induced  structural  changes  in  the  lung  and  improved  the  lung  secretory  function. 

Conclusions:  Gestational  exposure  to  SS  irreversibly  disrupts  lung  development  leading  to 
BPD-like  condition  with  hypoalveolarization,  decreased  angiogenesis  and  diminished  lung 
secretory  function.  Nicotinic  receptors  are  critical  in  the  induction  of  gestational  SS-induced 
BPD,  and  use  of  nicotinic  receptor  antagonists  during  pregnancy  may  block  the  development  of 
gestational  CS-induced  BDP.  (Word  Count:  227) 
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Clinical  Implications: 

Many  prospective  mothers  smoke  during  pregnancy,  a  risk  for  BDP  in  children.  Administration  of 
mecamylamine  during  pregnancy  blocks  BPD  in  mice.  Thus  nicotinic  receptor  antagonists  have 
therapeutic  potential  in  humans. 

Capsule  summary: 

Gestational  exposure  to  cigarette  smoke  causes  BPD  associated  with  decreased  angiogenesis, 
decreased  surfactant/secretory  proteins,  and  irreversible  hypoalveolarization.  Presence  of  the 
nicotinic  acetylcholine  receptor  antagonist  mecamylamine  during  pregnancy  blocks  cigarette 
smoke-induced  BPD  and  restores  lung  function. 

Key  words: 

Cigarette  Smoke;  Bronchopulmonary  Dysplasia;  Secretory/Surfactant  proteins;  Angiogenesis; 
Nicotinic  Receptor  Antagonists 
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Symbols,  Abbreviations,  and  Acronyms 

BPD  Bronchopulmonary  dysplasia 

CCSP  Clara  cell  secretory  protein 

COPD  Chronic  obstructive  pulmonary  disease 

CS  Cigarette  smoke 

FA  Filtered  air  (control) 

H&E  Hematoxylin  and  eosin 

IHC  Immunohistochemical 

Lm  Mean  linear  intercept 

MMP  Metalloproteinase 

nAChR  Nicotinic  acetylcholine  receptor 

PBS  Phosphate-buffered  saline 

qPCR  Quantitative  polymerase  chain  reaction 

RT  Room  temperature 

SP-B  Surfactant  protein-B 

SS  Secondhand  cigarette  smoke 
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INTRODUCTION 


Bronchopulmonary  dysplasia  (BPD),  first  described  in  1967  in  borderline  premature  infants  with 
respiratory  distress  syndrome  (1)  was  characterized  by  fewer  and  enlarged  alveoli,  suppressed 
angiogenesis,  lack  or  insufficient  production  of  surfactant  proteins  (SP),  and  lung  inflammation 
(2).  However,  impaired  alveolar  development  is  the  main  pathophysiological  manifestation  of 
BPD  (3).  Twenty  to  40%  of  prematurely  and  low-birth-weight  (<28  weeks  of  gestation  and  under 
1  kg  body  weight)  infants  develop  BPD  (4,  5),  and  it  is  the  second  leading  cause  of  mortality 
among  the  infants  born  before  28  weeks  of  gestation  (6).  Multiple  factors  that  injure  the 
immature  lung  contribute  to  the  development  of  BPD,  including  exposure  of  newborn  infants  to 
supplemental  oxygen,  barotrauma,  neonatal  infections,  ductus  arteriosus,  and  inflammation  (7). 

Exposure  to  a  wide  range  of  chemicals  and  environmental  toxicants  during  perinatal  life 
significantly  affects  the  maturation  and  function  of  the  respiratory  system  (8).  Lung  injuries 
during  canalicular  and  saccular  phases  affect  alveolar  and  vascular  development  of  the  lung 
and  promote  BPD  (9),  and  antenatal  factors  that  disrupt  lung  development  may  impair 
respiratory  function  in  adulthood  (10).  While  adult  exposure  to  tobacco  smoke  is  a  major  risk 
factor  for  respiratory  diseases  including  chronic  obstructive  pulmonary  disease  (COPD)  (11),  the 
risk  of  cigarette  smoke  (CS)-associated  pulmonary  complications  is  highest  during  fetal  and 
early  postnatal  life  (12,  13),  yet  nearly  one  third  of  prospective  mothers  smoke  during  some 
stages  of  pregnancy  (14,  15).  Epidemiological  evidence  and  animal  experiments  suggest  that 
parental,  particularly  maternal,  smoking  or  nicotine  exposure  adversely  affects  the  pulmonary 
health  of  the  offspring,  including  higher  risk  for  the  development  of  allergic  asthma,  and  airway 
remodeling  and  function  (16,  17  18,19,  20).  Gestational  exposure  to  CS  is  also  an  independent 
risk  factor  for  BPD  and  infants  with  BPD  have  a  significantly  higher  risk  of  developing  COPD 
and  asthma  later  in  life  (21 ).  The  mechanism  by  which  CS  smoke  promotes  BPD  is  not  clear. 
Experiments  performed  decades  earlier  indicated  that  CS  causes  fetal  lung  hypoplasia  in  mice 
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(22)  and,  more  recent  experiments  suggest  that  intrauterine  exposure  to  nicotine  or  CS 
decreases  lung  volumes  in  monkeys  (16)  and  increases  the  dependence  on  oxygen  at  day  28  of 
life  in  human  infants  (21).  In  this  communication,  we  show  that  gestational,  but  not  early 
postnatal  exposure  of  mice  to  secondhand  cigarette  smoke  (SS)  suppresses  angiogenesis, 
alveolarization,  and  the  development  of  Clara  and  goblet  cells  without  causing  significant  lung 
inflammation,  and  the  SS-induced  effects  on  alveolar  architecture  are  irreversible.  However, 
concomitant  exposure  to  the  nicotinic  acetylcholine  receptor  (nAChR)  antagonist  mecamylamine 
(MM)  blocks  the  effects  of  gestational  SS  on  lung  function. 
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METHODS:  A  brief  description  of  the  methods  is  provided  below;  however,  detailed  methods 
are  provided  in  the  Supplemental  section. 

Animals,  cigarette  smoke  generation  and  exposure:  Pathogen-free  adult  (3-4  months  old) 
BALB/c  or  C57BL/6  male  and  female  mice  (FCR  Facility,  Frederick,  MD)  were  exposed  to 
whole-body  SS  or  fresh  air  (FA)  for  6  hours/day,  7  days/week  as  described  (23).  This  dose  of 
SS  approximates  the  smoke  exposure  a  pregnant  woman  would  receive  by  sitting  in  a  smoking 
bar  for  3  hr/day  throughout  the  gestational  period  (17,  18,  23).  Pregnant  mice  were  separated, 
and  continued  to  receive  SS  or  FA  until  the  pups  were  born.  Immediately  after  the  birth  of  pups 
smoke  exposure  was  stopped;  however,  some  gestationally  FA  exposed  pups  were  exposed  to 
SS  until  10  wk  afterbirth  (postnatal  SS).  Prior  to  SS  or  FA  exposure,  some  breeder  mice  were 
subcutaneously  implanted  with  ALZET  miniosmotic  pumps  containing  saline  or  MM  (2.5  mg/ml), 
generating  FA  (control),  MM+FA,  and  MM+SS  groups.  Animals  were  sacrificed  at  indicated 
times. 

Tissue  preparation,  immunostaining,  and  other  assays:  After  sacrifice,  lungs  were  removed, 
inflated  and  fixed  at  a  constant  hydrostatic  pressure  (24,  25).  Where  indicated,  right  lung  was 
used  for  bronchoalveolar  lavage  (BAL)  and  then  frozen  for  Western  blot  and  qPCR  analysis. 
Lung  sections  were  stained  with  Hematoxylin  &  eosin  (H&E)  (18),  and  the  mean  linear  intercept 
(Lm),  a  measure  of  interalveolar  wall  distance  (26,  27),  was  determined.  For 
immunohistochemistry  (IHC)  lung  sections  were  treated  with  specific  antibodies  after  antigen 
retrieval  and  blocking  of  endogenous  peroxidases  and  non-specific  reactivity.  IHC  and 
immunofluorescence  techniques  (28-30)  were  used  to  visualize  and  quantitate  SP-B+  and 
CCSP+  (Clara  cells),  p-tubulin+  (ciliated  cells),  SPDEF+  (goblet  cells)  and  CD34+  (endothelial 
cells).  To  determine  lung  fibrosis,  lung  sections  were  stained  with  Masson’s  Trichrome  (Sigma- 
Aldrich)  to  reveal  collagen  as  described  previously  (31).  Western  blot  analysis  of  lung 
homogenates  and  qPCR  analysis  of  RNA  were  carried  out  as  described  previously  (17,  18). 
Data  were  analyzed  using  Graph  Pad  Prism  software  5.03.  One-way  ANOVA  was  used  to 
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compare  the  mean  between  the  groups  using  the  Tukey  post-hoc  test.  The  student’s  t  test  was 
used  for  comparison  between  two  groups.  Results  are  expressed  as  the  means  +  SD. 
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RESULTS 


Prenatal  SS  exposure  suppresses  alveolarization 

Approximately  80%  of  alveolarization  occurs  postnatally  and  the  development  of  alveoli  in 
humans  and  mice  continues  until  about  7  years  and  4  weeks  after  birth,  respectively  (32). 
Hypoalveolarization  is  the  hallmark  of  BPD  (33),  and  increasing  epidemiological  evidence 
suggests  that  BPD-related  changes  in  respiratory  function  may  continue  later  in  life  (34,  35).  To 
determine  the  effect  of  prenatal  SS  exposure  on  BPD,  lung  sections  from  mice  exposed 
gestationally  to  FA  (control)  or  SS  were  examined  microscopically  at  7  days,  10  weeks,  and  8 
months  after  birth.  H&E  staining  of  lung  sections  suggests  that  gestational  exposure  to  SS 
caused  areas  of  hypoalveolarization  in  the  lung  and  was  seen  in  the  early  lung  (7  days)  as  well 
as  at  10  weeks  and  8  months  after  the  birth  (Fig.  1  A,  IB,  and  1C).  Changes  in  lung  septation 
were  quantitated  by  determining  the  Lm  of  alveoli.  Lm  values  show  similar  increases 
(approximately  25%)  in  gestationally  SS-exposed  lungs  at  7  days,  10  weeks,  and  8  months  after 
the  birth  (Bar  Graph  Fig.  1A,  IB,  and  1C,  respectively).  Moreover,  histopathology  of  the  alveolar 
septae  suggests  that  instead  of  elongated  secondary  septa  seen  in  control  lungs,  SS-exposed 
lungs  have  an  increased  presence  of  crested  secondary  septae,  indicating  incomplete 
secondary  alveolar  septal  formation  (Fig.  1,  arrows) — a  feature  also  seen  in  human  BPD  (36, 
37).  On  the  other  hand,  postnatal  exposure  to  SS  (day  1  through  10  weeks  after  the  birth)  did 
not  cause  a  significant  change  in  alveolarization;  Lm  values  were  comparable  to  control  animals 
(Suppl.  Fig.  E1A).  Thus,  in  utero  but  not  early  postnatal  exposure  to  SS  impairs  lung  septation 
and  these  SS-induced  deficits  in  alveolarization  are  irreversible  at  least  until  8  months  of  life  in 
BALB/c  mice.  To  ascertain  whether  BALB/c  mice  were  unique  in  developing  gestational  SS- 
induced  hypoalveolarization,  we  also  exposed  C57BL/6  mice  to  gestational  SS.  Results  from 
SS-exposed  7-day  lung  from  C57BL/6  lung  (Suppl.  Fig.  E1B)  show  morphometric  changes 
similar  to  those  in  BALB/c  mice.  Thus  both  BALB/c  and  C57BL/6  mice  develop  BPD  in  response 
to  gestational  SS. 
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In  addition  to  impaired  postnatal  lung  growth  (38,  39),  BPD  may  cause  variable  interstitial 
fibrosis  (39);  however,  trichrome  staining  did  not  show  any  significant  difference  in  collagen 
content  between  FA  and  SS-exposed  10-wk  old  lungs  (Suppl.  Fig.  E2).  Moreover,  there  was  no 
indication  of  leukocytic  infiltration  in  gestationally  SS-exposed  lungs  (not  shown).  These  results 
suggest  that  the  SS-induced  BPD  is  not  associated  with  significant  lung  fibrosis  or  inflammation. 

Gestational  SS  exposure  impairs  the  development  of  Clara  and  goblet  cells  but  not  of 
ciliated  epithelium  cells 

Downregulation  of  secretory  proteins  contributes  to  the  pathology  of  several  airway  diseases, 
including  BPD  (40,  41),  and  many  premature  infants  are  given  a  mixture  of  SP-B  and  SP-C 
(surfactant  proteins)  to  improve  survival  (39).  We  have  observed  that  mice  exposed 
gestationally  to  SS  have  significantly  lower  allergen-induced  Muc5ac  expression  and  airway 
mucus  formation  (18).  To  determine  whether  gestational  SS  broadly  affected  the  airway 
secretory  functions,  we  examined  airway  Clara  and  goblet  cells  in  FA  and  SS-exposed  mouse 
lung  sections  at  7  days  post  birth  by  staining  for  CCSP  and  SP-B  (Clara  cell  markers)  and 
SPDEF  (goblet  cell  marker).  As  seen  in  Fig.  2A  (CCSP),  Fig.  2B  (SP-B),  and  Fig.  2C  (SPDEF), 
the  presence  of  Clara  and  goblet  cells  is  significantly  reduced  in  mice  gestationally  exposed  to 
SS.  On  the  other  hand,  as  scored  by  p-tubulin  staining  (Fig.  2D),  no  significant  changes  in  the 
airway  ciliated  epithelial  cells  are  seen  between  FA-  and  SS-exposed  mice  at  7  days  afterbirth. 
The  SS-induced  changes  in  the  secretory  function  (i.e.,  expression  of  CCSP  and  SP-B)  were 
also  determined  by  qPCR  analysis  and  showed  that  SS  exposure  strongly  decreased  the  mRNA 
expression  of  CCSP  (Fig.  2Ea)  and  SP-B  (Fig.  2Eb).  On  the  other  hand,  quantitation  of  p-tubulin- 
positive  cells/pm  basal  lamina  did  not  show  any  significant  changes  between  gestationally  FA- 
and  SS-exposed  lungs  (Fig.  2Ec).Thus,  as  in  human  BPD,  prenatal  exposure  to  SS  impairs  the 
development  of  Clara  and  goblet  cells;  the  reduction  in  these  secretory  cells  may  contribute  to 
the  reduced  expression  of  surfactant  proteins  and  airway  mucus  formation  in  gestationally  SS- 
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exposed  lungs.  However,  the  SS  exposure  does  not  affect  the  development  of  airway  ciliated 
epithelial  cells. 

Gestational  SS  impairs  airway  angiogenesis 

Angiogenesis  is  a  tightly  regulated  physiological  process  during  embryogenesis  (42)  and  plays  a 
vital  role  in  the  development  of  lung  and  airways  (43).  To  ascertain  whether  changes  in 
alveolarization  from  gestational  exposure  to  SS  reflected  impaired  angiogenesis,  lung 
vascularization  was  evaluated  by  IHC  and  immunofluorescence  staining  for  CD34,  a 
transmembrane  glycoprotein  on  endothelial  cells  (44).  Compared  to  controls,  the  SS-exposed 
lungs  at  7  days  after  birth  exhibited  much  weaker  immunostaining  (Fig.  3Aa)  and  CD34 
immunofluorescence  (Fig.  3Ab),  indicating  a  decreased  number  of  endothelial  cells  in 
gestationally  SS-exposed  lungs.  Moreover,  Western  blots  of  the  lung  extracts  from  FA-  and  SS- 
exposed  animals  showed  that  SS-exposed  lungs  had  significantly  reduced  levels  of  CD34 
immunoreactive  protein  (Fig.  3B).  Thus,  gestational  SS  exposure  strongly  suppresses/impairs 
vascular  development  in  the  lung. 

Coordinated  and  timely  release  of  angiogenic  growth  factors  from  respiratory  epithelial  cells 
promotes  normal  alveolar  development  (45).  Although  multiple  factors  affect  angiogenesis, 
VEGF  plays  a  key  role  in  morphogenic  events  during  angiogenesis  (46-50).  The  expression  of 
VEGF  receptors  increases  during  lung  development,  and  most  of  the  VEGF  effects  are 
mediated  through  VEGFR2  (49,  51).  We  determined  the  expression  of  VEGFR2  by  qPCR  in  the 
7-day  lung  from  FA-  and  SS-exposed  animals.  Consistent  with  CD34  results,  VEGFR2 
expression  was  significantly  reduced  in  the  lung  samples  from  SS-exposed  animals  (Fig.  3C). 
Moreover,  as  determined  by  ELISA,  the  concentration  of  VEGF  in  BALF  from  SS-exposed 
mouse  lungs  at  10  weeks  after  birth  was  significantly  lower  than  control  lungs  (Fig.  3D).  These 
results  suggest  that  gestational  exposure  to  SS  causes  angiogenic  defects  in  the  developing 
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lung.  Thus,  decreased  production  of  VEGF  and  the  expression  of  its  main  receptor  VEGFR2 
might  contribute  to  the  angiogenic  defects  in  gestationally  SS-exposed  animals,  and  these 
defects  continue  at  least  up  to  10  weeks  after  birth. 

Mecamylamine  blocks  SS-induced  effects  on  lung  pathology 

There  is  evidence  that  prenatal  exposure  to  nicotine  affects  lung  development  and  function  (14, 
16,  52,  53).  Therefore,  it  was  possible  that  the  effects  of  SS  on  lung  development  and  function 
were  regulated  by  nAChRs,  and  blocking  these  receptors  would  prevent  the  gestational  SS- 
induced  injury  to  the  lung.  To  test  this  possibility,  mice  were  implanted  subcutaneously  with 
saline-  (control)  or  MM  (nAChR  antagonist-containing  miniosmotic  pumps,  delivering  MM  to 
pregnant  mothers  throughout  the  gestational  period.  We  observed  that  while  MM  alone  did  not 
significantly  affect  alveolarization  and  Lm  of  7-day  old  lung,  it  blocked  the  effects  of  gestational 
SS  on  alveolar  septation  (Fig.  4A)  and  Lm  values  (Fig.  4B).  IHC  and  immunofluorescence 
staining  (Fig.  4Ca  and  Fig.  4Cb)  of  the  lung  section,  and  qPCR  analysis  (Fig.  4D)  indicated  that 
pretreatment  with  MM  also  normalized  lung  vascularization  (CD34  expression)  and  the  mRNA 
expression  of  VEGFR2  in  the  7-day  old  lung.  qPCR  analysis  also  indicated  that  MM  treatment 
blocked  the  gestational  SS-induced  reduction  in  SP-B  (Fig.  5A)  and  CCSP  (Fig.  5B).  Similarly, 
MM  prevented  the  SS-induced  reduction  in  the  airway  SP-B  staining  (Fig.  5C)  and  CCSP 
staining  (Fig.  5D).  Moreover,  quantitation  of  SP-B+  and  CCSP+  cells/pm  basal  lamina  showed 
that  the  MM  treatment  countered  the  effects  of  SS  on  SP-B+  cells  (Fig.  5Ea)  and  CCSP+  cells 
(Fig.  5Eb)  in  the  airways.  Thus,  MM  treatment  blocks  the  inhibitory  effects  of  gestational  SS  on 
alveolarization,  vascularization,  and  secretory/surfactant  protein  production,  indicating  a  critical 
role  of  nAChRs  in  the  development  of  SS-induced  BPD. 
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DISCUSSION 


Extensive  epidemiologic  and  experimental  evidence  from  studies  in  mice  and  humans 
demonstrate  the  detrimental  long-term  pulmonary  outcomes  in  the  offspring  of  mothers  who 
smoke  during  pregnancy  (19,  20).  Increasing  evidence  suggests  that  in  utero  exposure  to 
environmental  toxins,  including  CS/nicotine,  affects  lung  development  and  function  (16,  18,  19, 
20,  54).  Although  the  development  of  fetal  lung  hypoplasia  after  maternal  exposure  of  rats  to  CS 
was  reported  several  decades  ago  (53),  intrauterine  smoke  exposure  as  an  independent  risk 
factor  for  BPD  in  human  infants  was  recognized  relatively  recently  (21).  BPD  is  a  disease  whose 
etiology  has  not  been  fully  established  and  may  arise  from  various  types  of  insults  to  the 
immature  lung  (7).  Herein  we  present  evidence  that  gestational,  but  not  early  postnatal 
exposure  of  BALB/c  and  C57/BL6  mice  to  realistic  doses  of  SS  causes  typical  characteristics  of 
BPD  and,  at  7  days  afterbirth,  and  gestationally  SS-exposed  lungs  exhibit  reduced  septation  as 
determined  by  histopathologic  analysis  and  significant  increases  in  Lm  values.  Lm  represents  the 
changes  in  the  acinar  airspace  complex  and  provides  an  estimate  of  the  size  and  changes  in  air 
spaces  (56);  the  average  increase  in  Lm  (>23%)  in  SS-exposed  lungs  is  comparable  to  some 
patients  with  COPD/emphysema  (57). 


Chronic  exposure  to  CS  is  the  most  important  cause  of  emphysema/COPD  in  humans  (58),  and 
the  loss  of  alveolar  surface  is  associated  with  increased  concentrations  of  metalloproteinases 
(MMP)  (58,  59).  MMP-12  activity  that  degrades  elastin  and  other  components  of  extracellular 
matrix  components  has  been  implicated  in  humans  and  animal  models  of  emphysema  (60); 
however,  MMP-12  was  not  elevated  in  SS-exposed  animals  (Singh  et  al.,  unpublished).  It  is 
likely  that  the  major  difference  between  classical  emphysema  and  alveolar  simplification  in  the 
SS-induced  BPD  is  that  the  latter  results  from  impaired  formation  of  secondary  alveolar  septae 
(36)  and,  in  the  absence  of  additional  lung  insults,  is  not  significantly  progressive;  whereas,  the 
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classical  emphysema  is  progressive  and  results  from  dissolution  of  preformed  alveolar  septae. 
Thus,  gestational  SS-induced  changes  in  the  alveolar  structure  may  result  primarily  from  the 
arrest  in  alveolar  development  rather  than  destruction  of  preformed  alveolar  septae  in  typical 
COPD/emphysema.  The  histopathology  of  SS-exposed  7-day  old  lung  showing  increased 
presence  of  crested  secondary  septa,  indicated  incomplete  formation  of  secondary  alveolar 
septa  (36)  that  further  supports  this  inference.  These  results  suggest  that,  although  multiple 
causes  of  lung  injury,  including  lung  inflammation  might  encourage  development  of  BPD  (61- 
64),  the  gestational  SS-induced  BPD  results  primarily  from  inhibition  of  normal  lung  maturation 
(65). 

Interaction  between  epithelial  and  vascular  compartments  is  critical  in  alveologenesis  and 
coordinated  and  timely  release  of  angiogenic  growth  factors  from  respiratory  epithelial  cells 
promotes  normal  alveolar  development  (45).  Fewer  alveoli  and  microvessels  are  quintessential 
features  of  neonatal  chronic  lung  disease  (66),  and  pulmonary  endothelium  is  closely  apposed 
to  the  developing  epithelium  (49).  VEGF  is  the  most  potent  mediator  of  angiogenesis  (47-49) 
and  plays  a  significant  role  in  the  pathophysiology  of  common  respiratory  disorders  including 
acute  lung  injury,  asthma,  COPD,  pulmonary  fibrosis,  and  lung  cancer  (67),  and  the  angiogenic 
effects  of  VEGF  are  primarily  mediated  through  the  VEGF  receptors  VEGFR2  (49,  51, 68). 
Consistent  with  the  critical  role  of  VEGF  and  VEGFR2  in  BPD,  the  infants  who  die  of  BPD  have 
little  or  no  VEGF  in  their  lung  epithelium  (25).  BDP  is  also  associated  with  decreased  levels  of 
angiogenic  progenitor  cells  in  cord  blood  (69)  and  reduction  of  VEGF  receptors  in  pulmonary 
vasculature  (45).  VEGF  and  VEGFR2  are  also  significantly  decreased  in  COPD/emphysema 
patients  and  in  animals  repeatedly  exposed  to  CS  (70).  CD34  is  present  on  endothelial  cells, 
and  is  involved  in  leukocyte  adhesion  and  endothelial  cell  migration  during  angiogenesis  (71). 
To  ascertain  angiogenesis,  we  scored  forCD34  expression  by  IHC,  immunofluorescence  and 
Western  blot  analysis.  Compared  to  control,  the  expression  of  CD34  in  the  7-day  SS-exposed 
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lung  was  severely  reduced.  Lung  expression  of  VEGF  and/or  VEGFR2  was  also  significantly 
decreased  in  the  10-week  SS-exposed  lungs  and,  compared  to  control  the  concentration  of 
VEGF  protein  was  lower  in  the  BALF  in  these  animals.  In  preterm  children  with  BPD,  VEGF 
increases  over  time  but  remains  significantly  lower  than  preterm  children  without  BPD  (72). 
Decreased  expression  of  VEGFR2  was  also  seen  by  microarray  analysis  of  carotid  arteries  in 
monkeys  exposed  during  gestation  and  early  postnatal  life  to  environmental  tobacco  smoke 

(73) .  These  results  suggest  that  decreased  alveolarization  in  gestationally  SS-exposed  lung 
may  reflect  the  reduction  in  VEGF  and  VEGFR2  that  impacts  lung  vascularization. 

Another  characteristic  of  BPD  is  decreased  production  of  CCSP  and  other  surfactant  proteins 

(74) .  Additionally,  CCSP  modulates  immune  responses,  reduces  lung  injury  in  animal  models, 
upregulates  the  expression  of  surfactant  proteins  and  VEGF  in  the  lung,  and  ameliorates  BPD 

(75) .  SP-B  is  an  important  surfactant  protein  that  lowers  surface  tension  and  prevents 
atelectasis  and  protects  epithelial  cells  (76,  77),  and  its  administration  improves  clinical 
outcomes  in  BPD  (78).  The  expression  of  both  CCSP  and  SP-B  is  significantly  downregulated  in 
the  gestationally  SS-exposed  7-day  lung.  SS  exposure  also  inhibits  other  airway  epithelial  cell 
functions,  such  as  mucus  formation  (18).  It  is  possible  that  gestational  SS  affected  the  overall 
development  of  airway  epithelial  cells  and  their  function.  There  are  three  major  epithelial  cell 
types  in  the  airways:  ciliated  cells,  Clara  cells,  and  goblet  cells.  The  ciliated  epithelium 
participates  in  the  mucociliary  clearance  and  expresses  p-tubulin  on  the  surface  (29,  30),  while 
Clara  and  goblet  cells  express  CCSP  and  SPDEF,  respectively.  IHC  analysis  clearly  indicated 
that  gestational  SS  did  not  significantly  affect  ciliated  (P-tubulin+)  cells,  but  a  drastic  reduction 
was  noted  in  CCSP+  and  SPDEF+  cells  in  the  airways.  In  fact,  it  was  difficult  to  visualize  CCSP+ 
and  SPDEF+  cells  in  the  airways  of  gestationally  SS-exposed  animals.  Thus,  the  severe  lack  of 
secretory  proteins  in  SS-exposed  lungs  may  reflect  impaired/delayed  development  of  these 
cells.  Indeed,  the  impaired  airway  secretory  function  such  as  mucus  formation  (18)  and 
CCSP/SP-B  was  evident  even  at  10  weeks  after  the  birth  of  gestationally  SS-exposed  animals 
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(Suppl.E3A/B).  Additionally,  CCSP  stimulates  VEGF  production  (75,  79)  and  participates  in 
alveologenesis  (79).  Thus,  loss/decreased  expression  of  CCSP  may  contribute  to  impaired 
angiogenesis  and  alveologenesis  in  gestationally  SS-exposed  lungs. 

CS,  including  SS  contains  many  toxic  chemicals  (80)  and,  in  some  respects,  SS  may  be  more 
toxic  than  mainstream  CS  (81).  Nicotine  can  concentrate  in  the  fetus  (82),  and  the  presence  of 
nAChRs  has  been  observed  in  number  of  non-neuronal  cell  types,  including  endothelial  (83) 
and  lung  epithelial  cells  (84).  Thus,  it  is  possible  that  the  effects  of  SS  on  lung  alveolarization, 
angiogenesis,  and  surfactant  proteins  were  mediated  through  nAChRs.  Indeed,  treatment  with 
MM  during  the  gestational  period  blocked  the  effects  of  gestational  SS  on  septation, 
angiogenesis,  and  airway  secretory  function.  These  results  clearly  suggest  that  effects  of  in 
utero  SS  on  lung  development  are  mediated  through  nAChRs.  A  surprising  observation  was  that 
the  in  utero  SS  effects  on  some  lung  parameters  were  opposite  of  those  observed  in  adult  mice 
after  CS  or  nicotine  exposure.  For  example,  exposure  of  adult  mice  to  CS/nicotine  suppresses 
allergic  responses  (85),  but  prenatal  exposure  to  SS  strongly  exacerbates  allergen-induced 
atopy  and  Th2  polarization  (18).  Similarly,  unlike  its  anti-angiogenic  effects  during  gestational 
period,  nicotine  stimulates  VEGF  and  promotes  angiogenesis  and  neovascularization  in  the 
adult  mice  (83).  Moreover,  unlike  the  results  from  gestational  SS  exposures,  nicotine  treatment 
of  adult  mice  promotes  mucus  formation  in  the  airways  (18).  A  potential  explanation  is  that  long¬ 
term  exposure  to  low  levels  of  nicotine  may  promote  desensitization  or  loss  of  nAChRs  in  the 
lung,  and  these  receptors  may  be  important  in  regulating  lung  growth.  Although  currently  we 
have  no  direct  evidence  to  support  this  possibility,  recent  papers  suggest  that  while  short-term 
exposure  to  nicotine  may  promote  angiogenesis  and  VEGF  production,  long-term  exposures  to 
nicotine  may  impair  cholinergic  angiogenesis  (70,  86). 

Although  maternal  smoking  is  an  independent  risk  factor  for  BDP  in  children  (21),  BALB/c  and 
C57BL/6  mice  might  be  particularly  sensitive  to  pro-BPD  effects  of  gestational  cigarette  smoke. 
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Alternatively,  unlike  humans,  experimental  mice  are  inbred  and  the  presence  of  susceptibility 
factors  on  both  alleles  might  make  them  more  susceptible  to  CS-induced  BPD.  Nonetheless, 
mice  are  likely  to  serve  as  an  excellent  animal  model  to  study  the  mechanism  by  which  nAChRs 
regulate  lung  development  and  BPD.  Interestingly,  postnatal  SS  had  very  little  effect  on  the 
development  of  BPD.  In  view  of  recent  human  data  suggesting  that  exposure  to  CS  during  first 
trimester  is  sufficient  to  increase  the  risk  of  asthma  in  children  (20),  CS-induced  changes  during 
early  embryogenesis  may  also  affect  lung  development  and  expression  of  BPD.  Overall,  the 
current  study  shows  that  exposure  to  tobacco  smoke  during  gestation  interferes  with 
alveolarization  and  promotes  a  BPD-like  syndrome.  These  effects  of  SS  are  mediated  through 
nAChRs  and  antagonists  of  nAChRs  may  have  therapeutic  value  in  blocking  the  effects  of 
CS/nicotine  on  fetal  lung  development. 
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Figure  Legends 

Fig.  1.  Prenatal  exposure  to  SS  affects  normal  alveolar  development.  Representative  sections 
(20X  magnification)  of  lungs  from  7-day  old  mice  (A),  10-week  old  mice  (B),  and  8-month  old 
mice  (C).  Right  panels  of  the  figures  are  the  Lm  measurements  obtained  by  dividing  the  total 
length  of  a  line  drawn  across  the  lung  section  (H&E  stained)  by  the  total  number  of  intercepts 
encountered  in  72  lines  per  lung  section,  an  estimate  of  the  size  of  the  air-tissue  interface. 
Arrows  show  blunted  alveolar  septal  formation.  FA  =  filtered  air;  SS  =  secondhand  cigarette 
smoke;  error  bars  are  mean  +  SD,  n  =  5 

Fig.  2.  Prenatal  exposure  to  SS  impairs  the  development  of  Clara  and  goblet  cells  but  not 
ciliated  cells.  Lung  sections  of  7-day  old  mice  were  stained  with  anti-CCSP  antibody  (A),  anti- 
SP-B  antibody(B),  anti-SPDEF  antibody  (GP954)  (C),  anti-p-tubulin  antibody  followed  by  Alexa 
594-conjugated  secondary  antibody  for  ciliated  cells  (D),  qPCR  analysis  for  CCSP  (Ea)  and  SP- 
B  (Eb),  and  quantitation  of  surface  cilia/pm  basal  lamia  (Ec).  The  Lung  airways  area  was 
examined  at  a  magnification  of  40x  using  a  Nikon  Eclipse  E600W  microscope.  FA  =  filtered  air 
(control);  SS  =  secondhand  cigarette  smoke;  arrows  show  stained  cells  in  the  airways;  *  p 
<0.05;  **  p  <0.01;  NS  =  not  significant;  error  bars  are  mean  +  SD,  n  =  3-5  animals. 

Fig.  3.  Prenatal  exposure  to  SS  inhibits  angiogenesis.  Representative  lung  (7-day  old  mice)  IHC 
staining  with  an  endothelial  marker  anti-CD34  antibody  (40x  magnification)  (Aa),  representative 
lung  section  immunofluorescence  stained  with  anti-CD34  and  anti-rat  Alexa  555  (Ab),  Western 
blot  analysis  of  the  lung  homogenates  (70  pg)  from  7-day  old  mice  using  anti-CD34  antibody 
(B);  VEGFR2  level  by  qPCR  in  the  lungs  of  7-day  old  mice(C),  and  VEGF  level  in  BALF  (10- 
week  old  mice)  by  ELISA  (D).  FA  =  filtered  air  (control);  SS  =  prenatal  secondhand  cigarette 
smoke;  *  p  <0.05;  **  p  <0.01 ;  error  bars  are  mean  +  SD,  n  =  5. 
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Fig.  4.  Mecamylamine  (MM)  blocks  gestational  SS-induced  effects  on  septation  and 
angiogenesis.  Representative  (H&E)  stained  lung  sections  from  7-day  old  mice  (40x 
magnification)  (A),  Lm  values  (B),  IHC  staining  using  anti-CD34  antibody  (40x  magnification) 
(Ca),  immunofluorescence  stained  lung  section  using  anti-CD34  and  anti-rat  Alexa  555  (Cb),  and 
qPCR  analysis  of  VEGFR2  from  RNA  from  7-day  old  lungs  (D).  FA  =  filtered  air  (control);  SS  = 
prenatal  secondhand  cigarette  smoke,  MM+FA  =  MM  alone,  and  MM+SS  =  pups  born  to  MM- 
treated  breeder  mice  with  gestational  exposure  to  SS;  *  p  <0.05;  **  p  <0.01 ,  and  ***  p  <0.001 ; 
Error  bar  are  mean  +  SD,  n  =  5. 

Fig.  5.  Mecamylamine  (MM)  treatment  blocks  the  effect  of  gestational  SS  on  Clara  cells 
numbers  and  function.  qPCR  analysis  of  RNA  from  7-day  old  lung  for  SP-B  (A)  and  CCSP  (B). 
Representative  lung  sections  IHC  staining  for  SP-B  (C)  and  CCSP  (D)  at  40x  magnification.  SP- 
B+  cells/pm  basal  lamina  (Ea)  and  CCSP+ cells/pm  basal  lamina  (Eb).  FA  =  filtered  air  (control); 
SS  =  prenatal  SS,  and  MM+SS  =  pups  born  to  MM-treated  breeder  mice  with  gestational 
exposure  to  SS;  **  p  <0.01,  and  ***  p  <0.001;  arrows  indicate  positively  cells  in  the  lung  airways; 
Error  bars  are  mean  +  SD,  n  =  5. 
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MATERIALS  AND  METHODS 


Animals 

Pathogen-free  BALB/c  mice  (FCR  Facility,  Frederick,  MD)  were  housed  in  shoebox-type  plastic  cages 
with  hardwood  chip  bedding  and  conditioned  to  whole-body  exposure  in  exposure  chambers  for  2  weeks 
before  exposure  to  SS.  The  chamber  temperature  was  maintained  at  26  ±  2°C,  and  lights  were  set  to  a  12- 
hour  on/off  cycle.  Food  and  water  were  provided  ad  libitum.  All  animal  protocols  were  approved  by  the 
Institutional  Animal  Care  and  Use  Committee. 

Antibodies  and  reagents 

Unless  stated  otherwise,  all  the  reagents  used  in  these  experiments  were  purchased  from  Sigma  Chemical 
Co.  (St.  Louis,  MO). 

Cigarette  smoke  generation  and  exposure 

Mice  were  exposed  to  whole-body  secondhand  cigarette  smoke  (SS,  the  smoke  released  from  the  burning 
end  of  a  cigarette)  or  fresh  air  (FA)  for  6  hours/day,  7  days/week  as  described  (El).  Briefly,  70-cm3  puffs 
at  the  rate  of  2/min  were  generated  from  2R1  research  cigarettes  (Tobacco  Health  Research  Institute, 
Lexington,  KY)  by  a  smoking  machine  (Type  1300;  AMESA  Electronics,  Geneva,  Switzerland).  The 
smoke  was  captured  from  the  lit  end  of  the  cigarette  with  a  plastic  manifold  placed  above  it.  Mice  were 
placed  in  whole-body  exposure  chambers  and  exposed  to  either  FA  or  SS  (total  particulate  matter  1.52  ± 
0.41  mg/m1).  It  is  a  fairly  low  dose  of  SS  that  is  approximately  equivalent  to  the  smoke  exposure  a 
pregnant  woman  would  receive  by  sitting  in  a  smoking  bar  for  3  hr/day  throughout  the  gestational  period 
(E2,  E3)  or  equivalent  to  smoking  <1/2  high  tar/high  nicotine  cigarette/day  during  pregnancy  (El).  Adult 
(3-4  month  old)  male  and  female  mice  were  separately  acclimatized  either  to  SS  or  FA  for  2  weeks,  and 
then  paired  for  mating  under  the  same  exposure  conditions.  After  ensuring  pregnancy  by  vaginal  smear, 
pregnant  mice  were  separated,  housed  singly  in  plastic  cages,  and  continued  to  receive  SS  or  FA  until  the 
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pups  were  bom.  Immediately  after  the  birth  of  pups  some  mice  from  SS  were  placed  in  FA  chamber 
(gestational  SS-exposure  only).  Conversely,  some  mice  from  FA  group  were  exposed  to  SS  up  to  10  wk 
after  the  birth  (postnatal  SS-exposure  only).  Mice  were  sacrificed  at  indicated  times  afterbirth. 

Mecamylamine  (MM)  treatment 

Breeder  adult  mice  were  subcutaneously  implanted  with  miniosmotic  pumps  (ALZET  model  #;  2006, 
pumping  rate:  0.15  pl/hr,  ALZA  Corporation,  CA)  containing  saline  (control)  or  MM  (2.5  mg/ml  in 
sterile  saline),  generating  experimental  groups  FA,  MM+  FA,  and  MM+  SS. 

Bronchoalveolar  lavage  fluid  (BALF)  collection  and  VEGF  analysis 

Established  protocols  were  followed  to  obtain  BALF  from  the  mice  (E2).  Briefly,  10-wk  old  FA  (control) 
and  SS-exposed  were  anesthetized  and  killed  by  exsanguination.  Before  excision  of  the  lungs,  the  trachea 
was  surgically  exposed,  cannulated  and,  while  the  left  lung  lobe  was  tied  off  with  a  silk  thread,  the  right 
lobe  was  lavaged  twice  with  0.8  ml  sterile  Ca2+/Mg2+-free  PBS  (pH  7.4).  Aliquots  were  pooled  from 
individual  animals  and  centrifuged  to  separate  cells  and  BALF.  The  concentration  of  VEGF  in  BALF  was 
determined  by  ELISA  using  mouse-specific  VEGF  ELISA  kit  (Biosource-Invitrogen,  Camarillo,  CA), 
according  to  the  manufacturer’s  directions. 

Tissue  preparation,  histochemistry,  and  immunostaining 

Lungs  harvested  from  7  day  old  animals  were  inflated  by  tracheal  instillation  of  formalin  and  kept  in  a 
formalin  bath  at  a  constant  hydrostatic  pressure  of  20  cm  for  24  h  as  described  previously  (E4).  These 
lungs  were  washed  in  PBS  (3x),  dehydrated  by  series  of  ethanol  washes,  and  embedded  in  paraffin  (E4, 
E5).  BALF  from  the  lungs  of  10-wk  and  8-month  old  animals  was  obtained  as  described  above;  however, 
after  removal  of  BAL,  right  lungs  from  some  animals  were  frozen  instantaneously  in  liquid  N2  and  stored 
at  -80  °C.  When  needed  these  lungs  were  used  for  making  lung  homogenates  and  total  RNA. 

H&E  staining 
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Standard  protocols  were  followed  for  H&E  staining  (E3).  The  slides  were  examined  with  a  Nikon  Eclipse 
E600W  microscope  with  a  digital  camera  (PXM1200F). 

Morphometry 

Mean  linear  intercept  (Lm),  a  measure  of  interalveolar  wall  distance,  was  determined  on  El&E  stained 
tissue  sections  using  a  Nanozoomer  Digital  Pathology  (NDP)  slide  scanner  (Elamamatsu  K.  K.  Photonics, 
Elamamatsu  City,  Japan).  Lm  was  obtained  by  dividing  the  NDP-generated  total  length  of  a  line  drawn 
across  the  lung  section  (scan  resolution  20x)  by  the  total  number  of  intercepts  encountered  per  lung 
section  as  described  (E6,  E7). 

Immunohistochemical  (IHC)  staining  for  surfactant  protein-B  (SP-B) 

For  IFIC  staining  lung  section  were  deparaffmized  by  soaking  in  xylene  for  10  min  (2x),  and  then 
hydrated  by  5-min  treatment  with  decreasing  concentrations  of  ethanol  (100%,  95%,  70%,  and  30%). 
Finally,  the  slides  were  rinsed  three  times  with  distilled  water.  The  deparaffmized  lung  sections  were 
immerged  in  0.01  M  sodium  citrate  buffer  (pH  6.0)  and  heated  in  a  microwave  for  15  min  at  90°C  for 
antigen  retrieval.  Endogenous  peroxidase  activities  were  quenched  with  3%  FECF  in  methanol  for  15  min 
at  room  temperature  (RT).  The  tissue  sections  were  blocked  with  2%  normal  goat  serum  in  PBS  with 
0.2%  triton  for  2  hours  at  RT,  followed  by  overnight  incubation  at  4°C  with  rabbit  proSP-B  antibody 
(1:1000  dilution;  Cat#  AB3430;  Chemicon,  CA).  Sections  were  then  washed  (6x  for  5  min  each)  in  PBS 
with  0.2%  Triton  and  incubated  for  30  min  at  RT  with  goat  anti-rabbit  (1:200  dilution;  Cat#  BA-1000; 
Vector,  Burlingame,  CA)  for  1  hour  at  RT.  Slides  were  then  incubated  in  Vectastain  Elite 
Immunoperoxidase  system  at  RT  for  30  min  followed  by  3,3'-Diaminobenzidine  Peroxidase  Substrate  for 
5  min  at  RT.  Finally  the  sections  were  counterstained  with  hematoxylin,  and  analyzed  with  a  Nikon 
Eclipse  E600W  microscope  (PXM1200F). 

IHC  staining  for  Clara  cells 
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Deparaffmized  lung  sections  were  stained  for  Clara  cell  secretory  protein  (CCSP,  also  called  CC10, 

CC16,  or  uteroglobin)  according  to  the  method  described  by  Reynolds  et  al.  (E8).  Briefly,  lung  sections 
(5  pm)  were  incubated  with  rabbit  anti-CCSP  antibody  (1:50000  dilution;  cat  #  957,  Vector,  CA) 
overnight  at  4°C.  The  sections  were  then  washed  as  before  and  incubated  with  goat  anti-rabbit  antibody 
(Cat  #  BA- 1000,  Vector,  CA)  at  a  dilution  of  1 :200  for  1  hour  at  RT.  After  washing,  the  sections  were 
incubated  in  a  Vectastain  Elite  Immunoperoxidase  system  at  RT  for  30  min  followed  by  3,3'- 
Diaminobenzidine  Peroxidase  Substrate  for  10  min  at  RT,  and  counterstained  with  hematoxylin,  and 
examined  microscopically. 

Immunofluorescence  staining  of  epithelial  surface  cilia 

To  visualize  ciliated  Clara  cells,  lung  sections  were  treated  with  anti-p-tubulin  antibody  (E9,  E10). 
Deparaffmized  lung  section  were  permeabilized  with  0.2%  Triton  X-100  in  PBS  for  5  min  and  the 
sections  were  stained  with  rabbit  anti-p-tubulin  antibody  (Abeam)  for  2  hours  followed  by  Alexa  594- 
conjugated  anti-rabbit  antibody  (Invitrogen)  for  1  hour.  Sections  were  washed  5  times  with  wash  buffer 
(PBS  with  0.025%  Triton  X-100)  and  treated  with  10  pg/ml  Eloechst  dye  (Invitrogen).  Washed  sections 
were  mounted  in  Mowiol  Mounting  Media  (Sigma-Aldrich).  All  the  above  steps  were  performed  at  RT. 
Image  fluorescence  was  visualized  by  confocal  microscopy  (Zeiss  LSM510  META  confocal  microscope). 
Acquired  images  were  processed  in  Photoshop  CS3. 


CD34  Immunostaining 

To  examine  vascularization,  lung  sections  were  stained  with  anti-mouse  CD34  antibody  (1:2000  dilution, 
Cat#:  1 19301,  BioLegend,  San  Diego,  CA)  using  standard  procedures.  CD34  staining  produced  minimal 
background  staining.  Slides  were  analyzed  with  a  Nikon  Eclipse  E600W  microscope  with  a  digital 
camera  (PXM1200F).  Lung  sections  were  also  evaluated  for  CD34  expression  by  immunofluorescence. 
Briefly,  deparaffmized,  and  hydrated  lung  sections  were  treated  with  0.1M  citrate  buffer  (pH  6.0). 
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Sections  were  then  blocked  and  stained  with  anti-CD34  (BioLegend)  and  anti-rat  Alexa  555  (Life 
Technologies,  NY).  Stained  sections  were  mounted|with  4',  6-diamidino-2-phenylindole  (DAPI) 
containing  Fluormount-GTM  (Southern  Biotech,  Birmingham,  AL)  for  nuclear  staining.  Fluorescently- 
labeled  sections  were  analyzed  using  Axioplan  2  imaging  system  (Carl  Zeiss  Microimaging  Inc., 
Thornwood,  NY)  and  acquisition  software  Slidebook™  5  (Intelligent  Imaging  Innovations,  Inc.  Denver, 
CO). 

Quantitation  of  IHC-stained  SP-B+,  CCSP+,  and  ciliated  epithelial  cells 

The  slides  were  scored  for  SP-B  and  CCSP-positive  cells  blind  using  the  NDP  system  with  Visiophann 
software.  Four  randomly  computer-selected  areas  of  the  each  lung  slide  were  quantified  using 
approximately  7000  pm  of  airways  basal  lamina.  A  similar  approach  was  used  for  the  quantitation  of 
surface  cilia  stained  with  anti  p-tubulin  antibody. 

Trichrome  Staining 

To  determine  lung  fibrosis,  lung  sections  were  stained  with  Masson’s  Trichrome  (Sigma-Aldrich)  to 
reveal  collagen  as  described  previously  (Ell). 

Western  blot  analysis  for  CD34 

CD34  were  quantitated  by  Western  blotting  of  the  lung  homogenates  as  described  previously  (E1,|E3). 
Briefly,  lung  tissues  were  homogenized  in  RIPA  buffer  (20  mM  Tris,  150  mM  NaCl,  20  mM  p-glyceryl- 
phosphate,  1%  Triton-X,  10  mM  NaF,  5  mM  EDTA,  1  mM  Na3V04  and  protease  inhibitors  (1  mM 
PMSF,  and  1  pg/ml  each  of  aprotinin,  antipain,  and  leupeptin)  at  4°C.  Total  protein  content  of  the  extracts 
was  determined  by  the  BCA  Protein  Assay  Kit  (Pierce,  Rockford,  IL)  according  to  the  manufacturer’s 
directions.  Lung  homogenates  proteins  were  resolved  by  SDS-PAGE  on  10%  precast  gels  (Invitrogen) 
and  transferred  to  nitrocellulose  membranes  (Bio-Rad,  Hercules,  CA).  The  blots  were  probed  with  anti- 
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CD34  antibody  (MEC14.7,  Abeam),  and  the  antibody-bound  proteins  on  the  blot  were  detected  with 
enhanced  chemiluminescence  (Amersham  Biosciences,  UK)  on  an  X-ray  film. 

RNA  isolation  and  quantitative  PCR  (qPCR) 

Lung  RNA  was  isolated  as  described  previously  (E2).  The  lung  expression  of  SP-B,  CCSP,  VEGFR2,  and 
GAPDH  were  determined  by  qPCR  using  the  One-Step  RT-PCR  MasterMix  containing  TaqMan  probes 
and  a  specific-labeled  primer/probe  sets  (Applied  Biosystems,  Foster  City,  CA). 

Data  presentation  and  statistical  analysis 

Data  were  analyzed  using  Graph  Pad  Prism  software  5.03  (Graphpad  Software  Inc.,  San  Diego,  CA). 
One-way  ANOVA  was  used  to  compare  the  mean  between  the  groups  using  the  Tukey  post-hoc  test  that 
compares  all  groups  at  95%  confidence  intervals.  The  student’s  t  test  was  used  for  comparison  between 
two  groups.  Results  are  expressed  as  the  mean  +  SD.  A  p  value  of  <0.05  was  considered  statistically 
significant. 
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Supplemental  Figure  Legends 


Fig.  El.  (A)  Postnatal  exposure  to  SS  does  not  affect  alveolarization.  Representative  lung  sections 
from  10-week  postnatally  FA  (left,  top)  and  postnatally  SS-exposed  (left,  bottom)  were  stained  with  FI&E 
and  examined  microscopically  (40x  magnification).  Lm  values  were  plotted  (right  bar  graph).  (B) 
C57BL/6  mice  are  also  sensitive  to  gestational  exposure  to  SS.  Representative  lung  sections  (40x, 
FI&E)  from  7-day  old  C57BL/6  mice  were  examined.  FA  (left,  top)  and  gestationally  SS-exposed  (left, 
bottom).  Lm  values  were  plotted  (Fig.  E1B,  right  bar  graph).  Values  represent  mean  +  SD;  NS  =  not 
significant;  n  =  3-5  mice/group). 

Fig.  E2.  Lung  collagen  content  is  unaffected  by  gestational  SS.  Lungs  sections  from  7-day  old  mice 
were  stained  with  Masson’s  Trichrome  (Sigma-Aldrich)  to  reveal  collagen.  FA  (left  panels)  and  SS  (right 
panels).  The  blue  staining  represents  collagen  deposition  (40x  magnification). 

Fig.  E3.  CCSP  and  SP-B  are  reduced  in  SS-exposed  lungs  at  10  wk  afterbirth.  Lung  sections  from 
10- week  old  mice  (gestationally  exposed  to  either  FA  or  SS)  were  stained  with  anti-CCSP  antibody  (A) 
or  anti-SP-B  antibody  (B)  as  described  in  Materials  and  Methods.  Representative  lung  sections  (40x 
magnification)  from  3  mice/group  are  shown. 
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Role  of  nicotinic  receptors  and  acetylcholine  in  mucous  cell 
metaplasia,  hyperplasia,  and  airway  mucus  formation 
in  vitro  and  in  vivo 
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Katherine  M.  Gott,  BS,3  Juan  Carlos  Pena-Philippides,  BS,3  Kevin  S.  Harrod,  PhD,3  J.  Michael  McIntosh,  PhD,c 
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Background:  Airway  mucus  hypersecretion  is  a  key 
pathophysiologic  feature  in  a  number  of  lung  diseases.  Cigarette 
smoke/nicotine  and  allergens  are  strong  stimulators  of  airway 
mucus;  however,  the  mechanism  of  mucus  modulation  is 
unclear. 

Objectives:  We  sought  to  characterize  the  pathway  by  which 
cigarette  smoke/nicotine  regulates  airway  mucus  and  identify 
agents  that  decrease  airway  mucus. 

Methods:  IL-13  and  y-aminobutyric  acid  type  A  receptors 
(GABAaRs)  are  implicated  in  airway  mucus.  We  examined  the 
role  of  IL-13  and  GABAaRs  in  nicotine-induced  mucus 
formation  in  normal  human  bronchial  epithelial  (NHBE)  and 
A549  cells  and  secondhand  cigarette  smoke-induced, 
ovalbumin-induced,  or  both  mucus  formation  in  vivo. 

Results:  Nicotine  promotes  mucus  formation  in  NHBE  cells; 
however,  the  nicotine-induced  mucus  formation  is  independent 
of  IL-13  but  sensitive  to  the  GABAaR  antagonist  picrotoxin. 
Airway  epithelial  cells  express  «7-,  a9-,  and  alO-nicotinic 
acetylcholine  receptors  (nAChRs),  and  specific  inhibition  or 
knockdown  of  olI-  but  not  ct9/ctlO-nAChRs  abrogates  mucus 
formation  in  response  to  nicotine  and  IL-13.  Moreover,  addition 
of  acetylcholine  or  inhibition  of  its  degradation  increases  mucus 
in  NHBE  cells.  Nicotinic  but  not  muscarinic  receptor 
antagonists  block  allergen-  or  nicotine/cigarette  smoke-induced 
airway  mucus  formation  in  NHBE  cells,  murine  airways,  or 
both. 

Conclusions:  Nicotine-induced  airway  mucus  formation  is 
independent  of  IL-13,  and  a7-nAChRs  are  critical  in  airway 
mucous  cell  metaplasia/hyperplasia  and  mucus  production  in 
response  to  various  promucoid  agents,  including  IL-13.  In  the 
absence  of  nicotine,  acetylcholine  might  be  the  biological  ligand 
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for  «7-nAChRs  to  trigger  airway  mucus  formation.  a7-nAChRs 
are  downstream  of  IL-13  but  upstream  of  GABAaR«2  in  the 
MUC5AC  pathway.  Acetylcholine  and  «7-nAChRs  might  serve 
as  therapeutic  targets  to  control  airway  mucus.  (J  Allergy  Clin 
Immunol  2012;130:770-80.) 

Key  words:  Cigarette  smoke,  nicotine,  nicotinic  acetylcholine  re¬ 
ceptors,  y-aminobutyric  acid  receptors,  acetylcholine,  airway  mucus 

Normal  mammalian  airway  epithelium  produces  and  is  coated 
by  mucins,  such  as  MUC5B  and  MUC5AC,  and  after  stimulation 
by  an  allergen/infection,  MUC5AC  is  the  predominant  mucin 
produced  in  human  airways.  These  mucins  assist  in  clearing 
inhaled  particulate  matter  from  the  airways.1  However,  excessive 
mucous  cell  metaplasia  and  mucus  hypersecretion  contribute  to 
the  pathology  of  many  respiratory  diseases,  such  as  chronic  ob¬ 
structive  pulmonary  disease,  asthma,  and  cystic  fibrosis.2  In  addi¬ 
tion,  excessive  mucus  production  prolongs  lung  infections  and 
decreases  lung  function.3  Cigarette  smoke  is  a  strong  inducer  of 
airway  mucus  production  and  a  major  risk  factor  for  asthma,  bron¬ 
chitis,  and  chronic  obstructive  pulmonary  disease.4'5  Moreover, 
recent  studies  suggest  that  nicotine  promotes  airway  mucus  for¬ 
mation6,7;  however,  the  mechanism  by  which  cigarette  smoke/ 
nicotine  promotes  mucus  formation  is  not  well  established.  Stud¬ 
ies  have  demonstrated  that  TH2  cytokines,  particularly  IL-13,  are 
key  mediators  of  mucous  cell  metaplasia/hyperplasia  and  mucus 
production810;  however,  in  a  rat  allergic  asthma  model,  chronic 
nicotine  treatment  strongly  downregulated  IL-4  and  IL-13  pro¬ 
duction  but  increased  mucous  cell  metaplasia  and  mucus  produc¬ 
tion  in  the  lung. 1 1  Thus  in  this  model  of  allergic  asthma,  nicotine 
might  stimulate  mucus  formation  independently  or  semi- 
independently  of  IL-13. 

A  number  of  nonneuronal  cells,  including  T  cells,  macro¬ 
phages,  and  lung  epithelial  cells,  express  nicotinic  acetylcholine 
receptors  (nAChRs)  and  might  synthesize  acetylcholine.1213 
Mucus-producing  lung  epithelial  cells  from  rats,  mice,  and  human 
subjects  also  express  several  different  y-aminobutyric  acid  type 
A  receptor  (GABAaR)  subunits,  which  have  been  implicated  in 
airway  mucus  formation. 14  Nicotine  is  a  major  constituent  of  cig¬ 
arette  smoke,  and  in  the  central  nervous  system  nicotine  activates 
GABAaRs  in  some  neurons.  Moreover,  the  a7/a9/alO-nAChR 
antagonist  methyllycaconitine  (MLA)  moderates  mucus  forma¬ 
tion  in  monkey  lungs.6  We  hypothesized  that  in  airway  epithelial 
cells  nicotine  activated  GABAaRs  through  nAChRs,  thereby  pro¬ 
moting  mucus  formation.  In  this  communication  we  show  that  al¬ 
though  normal  human  bronchial  epithelial  (NHBE)  cells  express 
the  al-,  a9~,  and  alO-nAChR  subunits,  a7-nAChRs  play  a  criti¬ 
cal  role  in  mucous  cell  metaplasia  and  mucus  formation  in  NHBE 
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Abbreviations  used 

AB/PAS 

Alcian  blue/periodic  acid-Schiff 

ALI 

Air-liquid  interface 

GABAaR 

y-Aminobutyric  acid  type  A  receptor 

GAPDH 

Glyceraldehyde-3-phosphate  dehydrogenase 

IHC 

Immunohistochemistry 

MLA 

Methyllycaconitine 

MM 

Mecamylamine 

nAChR 

Nicotinic  acetylcholine  receptor 

NB 

Neostigmine  bromide 

NHBE 

Normal  human  bronchial  epithelial 

OVA 

Ovalbumin 

PIC 

Picrotoxin 

qPCR 

Quantitative  PCR 

siRNA 

Small  interfering  RNA 

SS 

Secondhand  smoke 

TBST 

Tris-buffered  saline  containing  0.05%  Tween-20 

TCR 

T-cell  receptor 

cells.  Moreover,  (1)  nicotine  promotes  mucus  formation  inde¬ 
pendently  of  IL-13,  (2)  the  normal  biological  ligand  for  the 
nAChRs  in  the  bronchial  epithelial  cells  for  mucus  formation 
might  be  acetylcholine,  and  (3)  antagonists  of  nAChRs  but  not 
muscarinic  receptors  suppress  mucus  formation  in  vivo  and 
in  vitro. 

METHODS 

NHBE  and  A549  cells  were  cultured  by  using  standard  procedures.15 
DO11.10  ovalbumin  (OVA)-T-cell  receptor  (TCR)  transgenic  mice  on  a 
BALB/c  background  were  exposed  to  air,  secondhand  smoke  (SS)  or  nicotine 
(1.5  mg  total  particulate  material/m3),  heat-aggregated  OVA  aerosol  (5  mg/ 
m3),  or  OVA  plus  SS  or  nicotine  for  2  weeks  (6  h/d  for  5  d/wk).  In  some  ex¬ 
periments  normal  (wild-type)  BALB/c  mice  were  sensitized  to  Aspergillus  fu- 
migatus  extract,  as  described  previously.16  Where  indicated,  mice  were 
subcutaneously  implanted  with  mecamylamine  (MM)-containing  minios- 
motic  pumps  (2  mg/kg  body  weight  per  day)  3  weeks  before  exposure.  7  In 
another  group  of  BALB/c  mice,  animals  were  first  exposed  subcutaneously 
to  saline  (control)-  or  MM-containing  ALZET  pumps  (DURECT  Corp,  Cu¬ 
pertino,  Calif)  for  2  weeks  and  then  sensitized  with  A  fumigatus  allergen  ex¬ 
tracts,  as  described  in  the  Methods  section  in  this  article’s  Online 
Repository  at  www.jacionline.org.  To  determine  the  effects  of  nicotine, 
IL-13,  or  acetylcholine  on  NHBE  or  A549  cells,  cells  were  treated  with  nico¬ 
tine  base  (100  nmol/L),  recombinant  human  IL- 13(10-50  ng/mL),  or  indicated 
concentrations  of  neostigmine  bromide  (NB),  respectively,  and  the  cultures 
were  harvested  approximately  48  hours  later.  GABAaR,  nAChR,  or  musca¬ 
rinic  receptor  inhibitors  were  added  at  the  indicated  concentrations  2  hours  be¬ 
fore  the  addition  of  IL-13,  nicotine,  or  NB.  NHBE  cells  (5-p.m-thick  sections) 
were  stained  with  Alcian  blue/periodic  acid-Schiff  (AB/PAS)  staining  for  mu¬ 
cus,18,19  MUC5AC,  or  GABAARa2  by  using  appropriate  reagents,  and  the  cell 
number  and  mucus  volume  were  determined  by  using  microscopy.  '  0  Murine 
lung  sections  were  stained  for  MUC5 AC  and  GABAARa2  by  using  immuno- 
histochemistry  (IHC).  Total  RNA  was  isolated  from  lung  tissues,  NHBE  cells, 
and  A549  cells  with  TRI-Reagent  (Molecular  Research  Center,  Inc,  Cincin¬ 
nati,  Ohio).  GABAARa2-specific  mRNA  was  assayed  by  using  Superscript 
III  One-Step  RT-PCR  with  Platinum  Taq  (Invitrogen,  Carlsbad,  Calif). 
RT-PCR  primers  for  GABAARa2  were  5 '  - AGGCTTCCGTTATG ATAC AG 
(forward)  and  5 '  -  AGG  ACTGACCCCTA  ATAC  AG  (reverse),  and  those  for 
glyceraldehyde-3-phosphate  dehydrogenase  (GAPDH)  were  5'-CCCATCA 
CCATCTTCCAGGAG  (forward)  and  5  '-TTCACCACCTTCTTCTTGATGT 
CAT  (reverse).  Quantitative  PCR  (qPCR)  was  performed  with  a  TaqMan 
One-Step  RT-PCR  kit  containing  AmpliTaq  Gold  DNA  polymerase  with 
ABI  primers  and  probes.  Fold  differences  were  determined  by  using 


the  2(~AACT)  method.21  nAChR  subtypes  were  knocked  down  by  specific  small 
interfering  RNAs  (siRNAs);  changes  in  specific  mRNAs  were  determined  48 
hours  after  siRNA  treatment.  Protein  levels  of  GABAARa2  were  determined 
by  means  of  Western  blot  analysis.17  GraphPad  Prism  Software  5.03  (Graph- 
Pad  Software,  Inc,  La  Jolla,  Calif)  was  used  to  determine  statistical  signifi¬ 
cance  by  means  of  2-way  ANOVA.  Detailed  methods  are  given  in  the 
Methods  section  in  this  article’s  Online  Repository. 


RESULTS 

Nicotinic  receptors  are  critical  in  mucus  formation 

We  examined  the  effects  of  nicotine  (100  nmol/L)  on  mucus 
formation  in  NHBE  cells  grown  at  the  air-liquid  interface  (ALI). 
This  is  a  realistic  concentration  of  nicotine  and  is  several-fold 
lower  than  the  median  effective  concentration  (10-100  |xmol/L)  of 
nicotine/nicotine  agonists  required  to  activate  the  ligand-gated 
cationic  channel  in  neurons.22  As  seen  with  AB/PAS  mucus  stain¬ 
ing  (Fig  1 ,  A),  control  NHBE  cells  have  a  low  baseline  level  of  mu¬ 
cus;  however,  when  the  cells  were  treated  with  nicotine,  IL-13,  or 
IL- 1 3  plus  nicotine  for  48  hours  (predetermined  optimal  time),  the 
mucus  content  in  these  cells  increased  strongly.  Furthermore,  the 
u7/u9/a  1 0-nAChR-specific  antagonist  MLA  (Fig  1,  A),  as  well 
as  the  nonselective  nAChR  antagonist  MM  (Fig  1,  B ),  suppressed 
the  nicotine  plus  IL-13-induced  mucus  formation  in  NHBE  cells. 
MLA  also  blocked  the  increase  in  mucus  formation  in  NHBE  cells 
in  response  to  either  nicotine  or  IL-13  (see  Fig  El  in  this  article’s 
Online  Repository  at  www.jacionline.org).  To  determine  whether 
nicotine,  IL-13,  or  both  affected  mucous  cell  hyperplasia  and  met¬ 
aplasia,  we  measured  the  number  of  mucous  cells  per  millimeter 
of  basal  lamina  and  the  volume  of  mucus-containing  cells  (mucus 
volume  per  cubic  millimeter  of  basement  membrane),  respec¬ 
tively.  Nicotine  and  IL-13  significantly  increased  both  mucous 
cell  numbers  (Fig  1,  C,  left  panel)  and  volume  (Fig  1,  C,  right 
panel),  and  these  effects  were  blocked  by  MLA.  These  results  sug¬ 
gest  that  both  nicotine  and  IL-13  affect  mucous  cell  physiology 
and  require  the  activation  of  nAChRs  (a7,  a9/al0,  or  both). 
Although  in  some  experiments  a  combined  treatment  with  nico¬ 
tine  and  IL-13  appeared  to  increase  cell  volume  over  that  seen 
after  individual  treatment  with  IL- 1 3  or  nicotine,  these  differences 
varied  from  experiment  to  experiment  and  were  not  statistically 
significant  (data  not  shown).  Thus  nicotine  and  IL-13  might  affect 
the  same  downstream  pathway  or  pathways  for  mucous  cell 
hyperplasia/metaplasia  and  mucus  production. 


Nicotine  and  IL-13  increase  MUC5AC  expression 

Mucin  glycoproteins  are  the  major  constituents  of  airway 
mucus.  MUC5AC  is  the  dominant  mucin  gene  expressed  in 
airway  goblet  cells,22  and  IL-13  is  known  to  increase  MUC5AC 
expression  in  these  cells.24  NHBE  cells  were  treated  with  nico¬ 
tine,  IL-13,  or  both  and  MUC5AC  expression  was  examined  by 
means  of  qPCR  and  IHC  staining  with  the  MUC5AC-specific  an¬ 
tibody  to  ascertain  whether  nicotine,  IL-13,  or  both  also  induced 
the  expression  of  MUC5AC.  Both  nicotine  and  IL-13  signifi¬ 
cantly  increased  the  mRNA  expression  of  MUC5AC;  however, 
combined  treatment  with  nicotine  and  IL-13  did  not  cause  signif¬ 
icantly  higher  MUC5AC  expression  than  that  seen  after  nicotine 
or  IL- 1 3  alone,  and  pretreatment  with  MLA  blocked  the  increase 
in  MUC5AC  mRNA  caused  by  nicotine  plus  IL-13  (Fig  1,  D). 
Similar  results  were  observed  by  scoring  for  MUC5AC  protein 
by  using  IHC  staining  (Fig  1,  is). 
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FIG  1.  Nicotine  (Ni)  and  IL-13  promote  mucus  formation  in  NHBE  cells  through  nicotinic  and  GABAa  recep¬ 
tors.  In  NHBE  cells  IL-13/nicotine-induced  mucus  is  suppressed  by  1  |xmol/L  MLA  (A)  and  1  |xmol/L  MM  (B). 
MLA  blocks  mucus-containing  cells  (C,  left  panel),  mucous  cell  volume  (Fig  1,  C,  right  panel),  MUC5AC 
mRNA  (D),  and  MUC5AC-positive  cells  (E).  Experiments  were  repeated  at  least  5  times,  and  bars  represent 
means  ±  SEMs.  *P<  .05,  **P<  .01,  and  ***p<  .001. 


Nicotine-induced  MUC5AC  is  independent  of  IL-13 

IL- 1 3  is  the  critical  cytokine  in  mucus  formation  and  MUC5  AC 
expression.8"10'25  Although  unlikely,  it  was  possible  that  nicotine 
promoted  MUC5 AC/mucus  formation  by  inducing  IL-13  in 
NHBE  cells.  To  ascertain  this  possibility,  we  determined  IL-13 
mRNA  levels  by  using  qPCR  in  NHBE  cells  before  and  after  nic¬ 
otine  treatment.  Unlike  human  Jurkat  cells  (positive  control), 
qPCR  analysis  of  NHBE  cells  (up  to  40  cycles)  did  not  show 
any  detectable  expression  of  IL- 1 3  mRNA  in  the  presence  or  ab¬ 
sence  of  nicotine  (see  Fig  E2  in  this  article’s  Online  Repository  at 
www.jacionline.org).  Thus  although  both  nicotine  and  IL-13  in¬ 
duce  mucus  formation  and  MUC5AC  expression  in  NHBE  cells, 
the  nicotine-induced  MUC5AC  expression  and  mucus  formation 
do  not  necessarily  require  IL-13. 

a7-nAChRs  are  required  for  mucus  formation 

Neuronal  nAChRs  are  pentameric  structures,  and  in  mammals 
nAChRs  are  derived  from  8  a-subunit  (a2-a7,  a9,  and  alO)  and  3 


(3-subunit  ((32-(34)  genes;  however,  a7  and  a9  form  functional 
homomeric  receptors.26  Moreover,  alO  subunits  are  functional 
only  in  the  presence  of  the  a9  subunit27;  the  a  7  and  a  10  subunits 
colocalize  in  rat  sympathetic  neurons.28  Many  nonneuronal  cells, 
including  T  cells,29  mast  cells,30  and  macrophages,  express 
nAChRs;  mast  cells  express  full-length  a7-,  a9-,  and  alO- 
nAChRs  that  respond  interdependently  to  low  concentrations  of 
nicotine.30  To  ascertain  whether  a  specific  nAChR  subtype  medi¬ 
ated  the  effects  of  nicotine  on  mucus  formation  in  NHBE  cells,  we 
determined  the  expression  of  nAChR  subunits  (a3,  a4,  a5,  a7, 
a9,  alO,  and  (34)  in  these  cells.  Examining  the  expression  of 
a3-,  a4-,  and  a7-nAChR  subunits  was  warranted  because  they 
are  expressed  in  the  lung  tracheal  tissue,31  and  genome-wide  as¬ 
sociation  studies  show  single  nucleotide  polymorphisms  in  the 
gene  cluster  encoding  a3/a5/(34-nAChR  subunits  in  patients 
with  lung  cancer.32  Our  qPCR  analysis  suggested  that  the  a3, 
a4,  a5,  and  (34  subunits  were  essentially  undetectable  in  NHBE 
cells  (not  shown);  however,  the  cells  expressed  a7-,  a9-,  and 
a  1 0-nAChR  subunits  (see  Fig  E3  in  this  article’s  Online 
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FIG  2.  a7-nAChR-specific  conotoxin  peptides  suppress  nicotine  f/V/f/IL-l  3-induced  mucus  in  NHBE  cells.  Effects 
of  RglA  (500  nmol/L)  and  ArlB[V1 1L,  V16D)  (500  nmol/L)  on  nicotine-induced  (A)  and  I L-1 3-induced  (B)  mucous 
cell  responses  and  on  nicotine/IL-13-induced  MUC5AC  mRNA  by  using  qPCR  (C)  are  shown.  Each  experi¬ 
ment  was  repeated  at  least  3  times,  and  bars  on  MUC5AC  are  means  ±  SEMs  from  3  inserts.  ***P<  .001 . 


Repository  at  www.jacionline.org).  After  normalizing  with 
GAPDH,  the  mRNA  expression  of  the  a7  subunit  was  much 
higher  than  that  of  the  a  9  and  a  10  subunits  (ie,  a  7  was  detectable 
around  27  cycles  and  a9/al0  was  detectable  around  35  cycles  of 
qPCR  analysis).  Thus  NHBE  cells  express  much  higher  levels  of 
a7  than  a  9/a  10  mRNA. 

NHBE  cells  are  generally  refractory  to  various  transfection/ 
transduction  approaches,  and  we  were  unable  to  knock  down  the 
expression  of  the  a7-,  a9-,  or  alO-nAChR  subunits  in  these  cells 
by  using  siRNA  (not  shown).  Therefore  to  evaluate  the  role  of 
a7-nAChR,  a9/alO-nAChR,  or  both  in  mucus  production,  we 
used  receptor  subtype-specific  conotoxin  peptides  to  inhibit  al¬ 
and  a9/alO-nAChRs  in  NHBE  cells.  At  lower  concentrations,  the 
conotoxin  peptides  ArIB[VllL,  V16D]  and  RglA  preferentially 
inhibit  a7-  and  a9/alO-nAChRs,  respectively.33'34  By  using  these 
peptides  at  concentrations  that  showed  minimum  cross¬ 
inhibition,  only  ArIB[VllL,  V16D]  significantly  reduced  both 
nicotine-induced  (Fig  2,  A)  and  IL-1 3-induced  (Fig  2,  B)  mucus 
production.  Moreover,  ArIB[VllL,  V16D]  (Fig  2,  Cj,  but  not 
RglA  (not  shown),  also  suppressed  nicotine-induced  expression, 
IL-1 3-induced  expression,  or  both  of  MUC5AC  mRNA,  as  deter¬ 
mined  by  using  qPCR.  Thus  a7-nAChRs  are  critical  in  the  induc¬ 
tion  of  airway  mucus  by  nicotine  and  IL-13. 


GABAaRs  are  downstream  of  «7-nAChRs 

IL-13  has  been  shown  to  induce  GABAaRs  in  the  human 
bronchial  epithelial  cell  line  A549.14  Although  A549  cells  do 
not  produce  mucus,  they  contain  mRNAs  for  a7-,  a9-,  and 
a  1 0-nAChRs  (see  Fig  E4  in  this  article’s  Online  Repository  at 
www.jacionline.org),  as  well  as  a3-,  a4-,  and  p2-nAChRs  (not 
shown).  Inhibiting  GABAaRs  with  picrotoxin  (PIC)  also  blocked 
mucus  production  in  NHBE  cells.14  We  used  3  approaches  to  de¬ 
termine  whether  the  effects  of  nicotine  on  mucus  formation  in¬ 
volved  GABAaRs. 

First,  we  showed  that  the  nonselective  GABAaR  antagonist  PIC 
inhibited  the  IL-13  plus  nicotine-induced  mucus  (AB/PAS  stain¬ 
ing;  Fig  3,  A)  and  MUC5AC  proteins  (IHC  staining;  Fig  3,  B)  in 
NHBE  cells  or  by  IL-13  and  nicotine  individually  (see  Fig  El). 
Similarly,  PIC  also  blocked  the  IL-13  plus  nicotine-induced  mu¬ 
cous  cell  hyperplasia  (see  Fig  E5,  A,  in  this  article’s  Online  Repos¬ 
itory  at  www.jacionline.org),  metaplasia  (see  Fig  E5,  B),  and 
MUC5AC  mRNA  expression  (see  Fig  E5,  Cj  in  NHBE  cells. 

Second,  in  NHBE  cells  nicotine,  IL-13,  or  both  induced  the 
expression  of  GABAARa2,  as  detected  by  using  RT-PCR  (Fig  3, 
C)  and  qPCR  (Fig  3,  D):  the  nicotine-induced  expression  of 
GABAARa2  mRNA  seen  by  RT-PCR  was  blocked  by  the  all 
a()/a  1 0-nAChR-spcci(ic  antagonist  MLA  (Fig  3,  E).  Moreover, 
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FIG  3.  GABAaRs  and  a7-nAChRs  are  critical  in  nicotine  |7V/7/IL-13-induced  mucus  formation.  In  NHBE  cells 
effects  of  50  pmol/L  PIC  on  mucus-positive  cells  (A)  and  MUC5AC-positive  cells  (B)  are  shown.  Nicofine/iL- 
13-induced  GABAaRu2  expression  is  detected  by  using  RT-PCR  (C),  qPCR  (D),  and  1HC  (E)  and  blocked  by 
1  pmol/L  MLA  (F).  In  A-549  cells  nicotine/IL-13-induced  GABAARa2  (G)  is  blocked  by  siRNA  knockdown 
of  a7-nAChRs  (H)  and  a7-nAChR-specific  conotoxin  peptide  ArlB[V1 1 L,  VI 6D]  (I).  *P<  .05  and  ***P<  .001. 


as  assayed  with  IHC,  MLA  also  blocked  the  nicotine-induced  ex¬ 
pression  of  GABAARa2  in  NHBE  cells  (Fig  3,  F). 

Third,  A549  and  NHBE  cells  express  a  number  of  GABAaR 
subtypes.  RT-PCR  analysis  suggested  that  both  nicotine  and 
IL-13  upregulated  the  expression  of  GABAARa2  in  A549  cells 
(Fig  3,  G ).  Indeed,  among  several  GABAaR  subtypes 
(GABAARa2,  GABAaR(32,  GABAARy,  and  GABAaRtt)  only 
the  expression  of  GABAaRu2  was  consistently  upregulated  by 
IL-13  and  nicotine  in  these  cells  (not  shown).  Moreover,  MLA 


suppressed  GABAARa2  expression  in  A549  cells  (see  Fig  E6  in 
this  article’s  Online  Repository  at  www.jacionline.org).  Thus 
«7-nAChR.  a9/alO-nAChRs,  or  both  are  involved  in  the  in¬ 
creased  expression  of  GABAARa2  by  nicotine  in  A549  cells. 

To  identify  the  type  of  nAChR  subtype  among  the  al,  a9,  and 
a  10  subunits  that  regulates  GABAARa2  expression  and  mucus 
formation,  we  used  an  siRNA  approach  to  individually  knock 
down  a7-,  a9-,  and  alO-nAChRs  in  A549  cells.  Specific  siRNA 
treatment  selectively  decreased  the  mRNA  expression  of  al-. 
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ct9-,  and  alO-nAChRs  by  approximately  65%,  80%,  and  70%,  re¬ 
spectively  (see  Fig  E7  in  this  article’s  Online  Repository  at  www. 
jacionline.org).  As  seen  by  using  Western  blotting  (Fig  3,  H),  the 
knockdown  of  a7,  but  not  a  9  and  a  10,  significantly  decreased 
nicotine-induced  expression  of  GABAARa2  in  A549  cells.  In 
these  cells  the  nicotine-induced  expression  of  GABAARa2 
mRNAwas  also  blocked  by  the  a7-specihc  ArIB[VllL,  V16D] 
but  not  the  a9/al0-specific  RglA  conotoxin  peptide  (Fig  3, 1).  Be¬ 
cause  MLA  blocked  both  nicotine-  and  IL-13-induced  expression 
of  GABAARa2,  activation  of  nAChRs  must  precede  the  activa¬ 
tion  of  GABAARa2  during  mucus  formation. 


MM  blocks  GABAaR«2  and  mucus  production  in 
mice 

Cigarette  smoke  promotes  goblet  cell  hyperplasia  and  mucus 
formation.35  Similarly,  sensitization  with  allergens,  such  as  OVA, 
ragweed,  and  Aspergillus  species  extracts,  promotes  mucus  for¬ 
mation  in  airways.11'16  As  seen  by  using  immunostaining,  a 
2-week  inhalation  exposure  of  OVA-TCR  transgenic  mice  on 
the  BALB/c  background  to  OVA,  SS,  or  both  strongly  upregulated 
GAB AARa2  expression  (Fig  4,  A)  and  mucus  formation  (Fig  4,  B) 
in  the  airways.  However,  when  the  animals  were  pretreated  with 
the  nAChR  antagonist  MM  before  exposure  to  SS  plus  OVA,  the 
amplifying  effects  of  SS  plus  OVA  on  GABAARa2  expression 
(Fig  4,  A)  and  airway  mucus  formation  (Fig  4,  B )  were  lost.  More¬ 
over,  Western  blot  analysis  of  the  lung  extracts  also  indicated  that 
MM  blocked  the  OVA-  and  SS-induced  expression  of  GA- 
BAARa2  (Fig  4,  C).  MM  by  itself  had  no  detectable  effect  on  nor¬ 
mal  bronchial  epithelium,  such  as  gross  histopathology  or  nuclear 
condensation  (not  shown).  Similarly,  qPCR  analysis  indicated 
that  MM  also  blocked  the  SS-induced,  OVA-induced,  or  both  Mu- 
c5ac  mRNA  expression  in  the  lung  (Fig  4,  D).  In  a  separate  exper¬ 
iment  lungs  from  BALB/c  mice  exposed  to  air  (control)  or 
nicotine  inhalation  (1.5  mg/m3  for  6  h/d)  for  2  weeks  exhibited 
increased  expression  of  GABAARa2  protein  by  using  Western 
blot  analysis  (Fig  4,  E)  and  Muc5ac  expression  by  using  qPCR 
(Fig  4,  F).  Although  an  OVA-TCR  transgenic  murine  model  has 
been  used  extensively  for  delineating  the  mechanism  of  allergic 
asthma,  a  weakness  of  this  model  is  that  more  than  90%  of  the  pe¬ 
ripheral  T  cells  in  these  mice  are  directed  to  OVA  and  do  not  nec¬ 
essarily  require  sensitization  with  an  allergen.36  Therefore  it  is 
possible  that  the  results  might  not  be  applicable  to  normal  anti¬ 
genic/allergic  responses.  To  address  this  possibility,  we  used  Afu- 
migatus  extracts  containing  the  allergen  in  allergic 
bronchopulmonary  aspergillosis37  as  the  sensitizing  allergen  in 
normal  BALB/c  mice.16  Results  presented  in  Fig  5  suggest  that, 
as  in  the  OVA  transgenic  system,  MM  suppressed  the  mucus  for¬ 
mation  in  response  to  Aspergillus  species  in  normal  BALB/c 
mice,  including  the  increase  in  expression  of  Muc5ac  (Fig  5, 
A),  airway  mucus  formation  by  AB/PAS  (Fig  5,  B),  and  GA- 
BAARa2  IHC  staining  (Fig  5,  C).  In  addition,  MM  inhibited  the 
inflammatory  response  and  Aspergillus  species-induced  increase 
in  eosinophil  and  lymphocyte  counts,  as  determined  by  using 
BAL  cell  differential  count  (see  Fig  E8,  A,  in  this  article’s  Online 
Repository  at  www.jacionline.org),  and  the  expression  of  the 
proinflammatory  cytokines  IL-13  (see  Fig  E8,  B )  and  IFN-y 
(see  Fig  E8,  Cj  in  the  lung.  Together  these  results  suggest  that  nic¬ 
otine  promotes  GABAARa2  and  mucus  expression  similar  to  that 
seen  after  exposure  to  cigarette  smoke,  and  nAChRs  play  a  critical 


role  in  both  allergen-  and  cigarette  smoke/nicotine-induced  air¬ 
way  mucus  formation  in  vivo. 

Role  of  acetylcholine  in  mucus  formation  in  NHBE 
cells 

If  the  activation  of  nAChRs  on  airway  epithelial  cells  were  to 
play  a  decisive  role  in  mucus  formation,  even  in  the  absence  of 
nicotine/cigarette  smoke  (eg,  nonsmokers),  it  is  important  to 
understand  how  mucus-promoting  molecules,  such  as  allergens, 
would  activate  nAChRs  in  vivo.  Nicotine  is  not  normally  found  in 
mammals;  rather,  nicotinic  cholinergic  transmission  is  mediated 
by  the  neurotransmitter  acetylcholine.38  There  is  increasing  evi¬ 
dence  that  airway  epithelial  cells  have  the  enzymes  to  synthesize, 
degrade,  and  transport  acetylcholine. 1 2,39  qPCR  analysis  indicated 
that  NHBE  cells  express  primarily  M3  and  lower  levels  of  Ml  and 
M2  muscarinic  receptors  (see  Fig  E9,  A,  in  this  article’s  Online  Re¬ 
pository  at  www.jacionline.org).  Acetylcholine  is  a  highly  labile 
molecule  and  difficult  to  assay.  Therefore  to  ascertain  that  acetyl¬ 
choline  promotes  mucus  formation  in  airway  epithelial  cells,  we 
determined  first  whether  inhibiting  the  degradation  of  acetylcho¬ 
line  through  the  acetylcholinesterase  inhibitor  NB  promoted  mu¬ 
cus  formation  in  NHBE  cells.  NHBE  cells  were  treated  with 
indicated  concentrations  of  NB  in  the  absence  of  IL-13  or  nicotine. 
As  little  as  5  pmol/L  NB  (Fig  6,  A)  significantly  upregulated  the 
mucus  formation  in  NHBE  cells.  NB  also  increased  MUC5AC 
mRNA  to  less  impressive  but  highly  statistically  significant  level 
(Fig  6,  B).  Second,  acetylcholine  (100  pmol/L)  was  added  to 
NHBE  cells,  and  48  hours  later,  the  cells  were  analyzed  for  MU- 
C5AC  and  GABAARa2  mRNA  expression  by  using  qPCR.  Com¬ 
pared  with  control  cells,  addition  of  acetylcholine  significantly 
increased  the  expression  of  both  MUC5AC  and  GABAARa2  by 
approximately  2-fold  (see  Fig  E9,  B  and  C).  These  results  suggest 
that  acetylcholine  is  a  trigger  for  mucus  formation  in  airway  epi¬ 
thelial  cells.  However,  it  should  be  noted  that  we  were  unable  to 
detect  acetylcholine  in  NHBE  cells  in  the  presence  of  NB  and 
IL-13.  It  is  likely  that  the  cellular  level  of  acetylcholine  in  these 
cells  is  lower  than  the  sensitivity  of  our  HPLC  assay. 

Acetylcholine  is  the  biological  ligand  for  both  nicotinic  and 
muscarinic  receptors.  NHBE  cells  were  treated  with  the  nonselec- 
tive  muscarinic  receptor  antagonist  atropine  before  NB  or  IL-13  to 
ascertain  that  acetylcholine  mediates  its  promucoid  effects  through 
nAChRs.  Fig  6,  C,  shows  that  atropine  had  no  significant  effect  on 
the  MUC5AC  mRNA  expression  induced  by  NB,  IL-13,  or  NB 
plus  IL-13.  Similarly,  atropine  did  not  affect  mucus  formation 
(AB/PAS  staining)  in  NHBE  cells  in  response  to  NB  or  IL-13 
(Fig  6,  D ).  Moreover,  unlike  MLA,  the  increased  level  of 
GABAARa2  in  NHBE  cells  in  response  to  nicotine  or  IL- 1 3  plus 
nicotine  was  not  affected  by  atropine  treatment  (Fig  6,  E).  These 
results  suggest  that,  in  the  absence  of  nicotine  or  nicotine- 
containing  substances,  acetylcholine  might  be  the  critical  molecule 
in  the  activation  of  nAChRs  for  mucus  production  in  NHBE  cells. 

DISCUSSION 

NAChRs  are  seen  in  tissues  from  both  vertebrates  and  inver¬ 
tebrates,  such  as  nematodes  and  insects.40  In  the  central  nervous 
system  nAChRs  are  ligand-gated  ion  channels  that  mediate  fast 
synaptic  cholinergic  transmission,  and  these  properties  are 
strongly  conserved  across  species.  nAChRs  are  present  in  neuro- 
nal  and  many  nonneuronal  ’  '  cell  types.  At  least  in  some 
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FIG  4.  MM  blocks  OVA/SS/nicotine  (7V/7-induced  airway  mucus,  Muc5ac,  and  GABAARa2  expression  in 
OVA-transgenic  mice.  Mice  received  indicated  treatments,  and  lungs  were  tested  for  GABAaRc<2  by  using 
IHC  (A),  mucus  by  using  AB/PAS  (B),  GABAARa2  by  using  Western  blots  of  lung  extracts  (C),  levels  of 
Muc5ac  by  using  qPCR  (D),  GABAARa2  by  using  Western  blots  of  lung  extracts  (E),  and  levels  of  Muc5ac 
by  using  qPCR  (F).  The  results  represent  2  independent  experiments  (3-6  mice  per  group).  *P  <  .05, 
**P<  .01,  and  ***P<.001. 


nonneuronal  cell  types  nAChRs  are  not  ligand-gated  ion  channels 
but  signal  through  second  messengers.29  Thus  far,  the  function  of 
nAChRs  in  nonneuronal  cells  is  described  primarily  as  regula¬ 
tory41;  however,  the  near-ubiquitous  presence  of  nAChRs  in  var¬ 
ious  cell  types  and  their  evolutionary  conservation  suggest  that 
these  receptors  might  have  some  critical  functions  outside  the 
central  nervous  system.42  Results  presented  herein  indicate  that 
nAChRs  are  essential  for  airway  mucus  production,  as  well  as 
mucous  cell  hyperplasia  and  metaplasia,  in  response  to  nicotine 


and  allergen  in  vivo ,  in  vitro,  or  both,  and  it  is  likely  that  nAChRs 
are  critical  in  other  cellular  functions. 

Nicotine  is  immunosuppressive  and  anti-inflammatory,41  and 
our  previous  in  vivo  experiments  indicated  that  chronic  low-dose 
nicotine  exposure  significantly  inhibited  some  parameters  of  aller¬ 
gic  asthma,  including  a  dramatic  reduction  in  levels  of  TH2  cyto- 
kines/chemokines,  such  as  IL-13,  IL-4,  IL-5,  and  eotaxin,  and 
atopy,  yet  the  nicotine-treated  rats  exhibited  increased  mucous 
cell  metaplasia  and  mucus  formation  in  the  airways.11  Possible 
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FIG  5.  Aspergillus  species  induces  MM-sensitive  GABAaRc<2  expression  and  mucus  formation  in  the  lung. 
BALB/c  mice  were  sensitized  with  Aspergillus  fumigatus  (Asp)  extracts  and,  where  indicated,  received  MM. 
Lungs  were  tested  for  Muc5ac  by  using  qPCR  (A),  mucus  by  using  AB/PAS  staining  (B),  and  GABAaRu2  by 
using  IHC  (C).  The  results  represent  2  independent  experiments  with  3  to  6  mice  per  group.  ***p<  .001. 


explanations  for  these  paradoxical  results  are  that  nicotine  either 
decreased  the  amount  of  IL-13  required  or  substituted  for  IL-13 
in  mucus  production.  Our  results  clearly  indicate  that  nicotine 
acts  independently  of  IL-13  in  promoting  mucus  formation  and 
mucous  cell  metaplasia/hyperplasia.  The  ability  of  nAChR  inhib¬ 
itors  to  block  nicotine-  and  IL-13-induced  mucus  production  sug¬ 
gests  that  both  IL-13  and  nicotine  activate  nAChRs  to  trigger 
mucus  formation,  and  IL-13’s  effects  are  upstream  of  nAChRs. 

Previous  studies  have  shown  that  IL-13  affects  mucus  by 
increasing  GABAaR  expression  in  NHBE  cells.14  We  showed 
that  GABAaR  activation  is  downstream  of  nAChR  activation  in 
mucus  formation  and  MUC5AC  expression,  and  of  the  known 
GABAaR  subtypes  expressed  in  NHBE  cells,  GABAaRu2  was 
the  only  one  that  was  significantly  upregulated  by  IL-13  and 


nicotine  in  NHBE  cells.  GABAARa2  was  also  the  only  GABAaR 
subtype  the  expression  of  which  was  increased  by  OVA,  second¬ 
hand  cigarette  smoke,  or  both  in  OVA-TCR  transgenic  BALB/c 
mice.  The  interaction  between  nAChRs  and  GABAaRs  has 
been  shown  in  the  central  nervous  system,43  and  in  Caenorhabdi- 
tis  elegans  cholinergic  motor  neurons  activate  GABAergic  neu¬ 
rons.44  Moreover,  rhesus  monkeys  exposed  prenatally  to 
nicotine  show  increased  GABA  signaling  in  the  lungs6;  however, 
the  significance  of  this  observation  is  not  clear  because  prenatal 
nicotine  exposure  also  affects  the  development  of  several  organs, 
including  the  lung.45  Thus  although  the  mechanism  by  which 
nicotine  promotes  the  GABAergic  response  has  not  been  fully 
delineated,  it  is  clear  that  GABAARa2  is  critical  in  nicotine- 
and  IL-13-mediated  mucus  formation. 
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FIG  6.  NB  promotes  mucus  formation  in  NHBE  cells.  NHBE  cells  were  treated  with  indicated  concentrations 
of  NB  or  1  p.mol/L  atropine  (Atr)  and  scored  for  NB-induced  mucus  (A)  and  MUC5AC  (B).  Atropine’s  effects 
on  NB/IL-13-induced  MUC5AC  (C),  mucus  (D),  and  GABAARu2  protein  expression  (E)  are  shown.  The  exper¬ 
iment  in  Fig  6,  A,  B,  and  E,  was  repeated  twice.  Bars  represent  means  ±  SEMs  from  3  separate  inserts.  Ni, 
Nicotine.  *P<  .05,  **P<  .01,  and  ***P<.001. 


To  ascertain  the  role  of  nAChRs  in  the  regulation  of  airway 
mucus  in  vivo,  we  used  2  models  of  allergic  asthma  to  trigger  mu¬ 
cus  formation.  OVA-TCR  transgenic  BALB/c  mice  (a  frequently 
used  model  for  lung  allergic  responses)  were  exposed  to  OVA,  SS, 


or  both.  These  treatments  promoted  airway  inflammation  (leuko¬ 
cytic  infiltration  in  the  lung),  airway  mucus  formation,  and  in¬ 
creased  expression  of  Muc5ac  and  GABAARa2  in  the  lung. 
However,  when  the  animals  were  treated  with  the  nonselective 
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nAChR  antagonist  MM,  the  inflammatory  and  mucoid  responses 
to  OVA,  SS,  or  both  were  significantly  reduced,  suggesting  that 
nAChRs  are  intimately  involved  in  the  regulation  of  allergen- 
induced  inflammation  and  mucus  formation.  The  major  question 
about  the  suitability  of  using  OVA-TCR  transgenic  animals  to 
study  the  regulation  of  allergic  asthma  is  that  although  normal  na¬ 
ive  (unimmunized)  animals  have  extremely  low  frequencies  of 
antigen-specific  T  cells,46  the  majority  of  the  peripheral  T  cells 
in  the  OVA  transgenic  animals  are  directed  to  OVA  and  do  not  re¬ 
quire  immunization  to  detect  OVA-induced  T-cell  proliferation,36 
although  in  the  absence  of  presensitization  by  OVA,  the  cells 
might  not  differentiate  into  TH2-type  cells.  Therefore  we  used 
normal  (wild-type)  BALB/c  mice  and  the  allergen-A  fumigatus 
extracts  that  require  sensitization  to  induce  airway  responses16 
and  cause  allergic  bronchopulmonary  aspergillosis  in  human  sub¬ 
jects.47  In  these  animals  MM  was  able  to  ameliorate  Aspergillus 
species-induced  airway  inflammation  and  various  indices  of  air¬ 
way  mucoid  response.  Thus  activation  of  nAChRs  is  critical  in 
allergen-induced  mucous  cell  metaplasia  and  airway  mucus 
formation. 

Recently,  MLA  was  shown  to  suppress  mucus  formation  in 
monkey  lungs.6  Although  MLA  was  believed  to  preferentially 
block  a7-nAChRs,  recent  reports  suggest  that  MLA  also  reacts 
with  a9/alO-nAChRs  48  NHBE  cells  express  a7-,  a.9-  and  alO- 
nAChRs,  and  alO-nAChRs  are  functional  only  in  association 
with  a9  subunits27;  moreover,  the  a7  and  a9  subunits  colocalize 
in  rat  sympathetic  neurons.28  In  rat  mast  cells  the  suppressive  ef¬ 
fect  of  nicotine  on  leukotriene  production  is  mediated  by  an  inter¬ 
dependent  action  of  a7-,  a9-  and  alO-nAChRs.30  Therefore  to 
identify  the  nAChR  subtype  or  subtypes  that  regulated  mucus  for¬ 
mation,  we  used  specific  conotoxin  peptides  to  inhibit  a  9/a  10- 
and  a7-nAChRs  and  observed  that  only  the  a7-specific  conotoxin 
peptide  ArlBfVl  1L,  V16D]33’34  blocked  the  nicotine-  and  IL-13- 
induced  mucus  production  in  NHBE  cells.  This  inference  was  fur¬ 
ther  confirmed  by  the  demonstration  that  knockdown  of  al-  but 
not  a9-/a  10-specific  mRNA  blocked  the  nicotine-  and  IL-13-in- 
duced  expression  of  GABAARa2  in  A549  cells. 

Although  these  results  clearly  implicate  a7-nAChRs  in  mucous 
cell  physiology  and  mucus  production,  it  was  important  to 
understand  how  the  activation  of  these  receptors  would  be 
regulated  in  nonsmokers  (ie,  in  the  absence  of  nicotine).  In  vivo 
cholinergic  transmission  involves  both  nicotinic  and  muscarinic 
receptors  and  is  mediated  by  acetylcholine.  There  is  increasing 
evidence  that  many  nonneuronal  cells,  including  airway  epithelial 
cells,  express  enzymes  to  synthesize,  degrade,  and  transport  ace¬ 
tylcholine.12'36  Indeed,  blocking  the  degradation  of  acetylcholine 
by  the  cholinesterase  inhibitor  NB  promoted  mucus  formation 
and  increased  MUC5AC  expression  in  NHBE  cells  in  the  com¬ 
plete  absence  of  IL-13  or  nicotine.  Acetylcholine  is  the  biological 
ligand  for  both  nAChRs  and  muscarinic  receptors,  and  bronchial 
epithelial  cells  have  functional  muscarinic  receptors.46  Results 
with  MLA  and  atropine  suggest  that  muscarinic  receptors  are 
not  involved  in  the  IL-13-  or  NB  (acetylcholine)-induced  mucus 
formation  seen  in  bronchial  epithelial  cells.  Although,  with  the 
use  of  nAChR  inhibitors,  we  were  able  to  show  that  the  effects 
of  IL-13  on  mucus  formation  in  NHBE  cells  are  regulated  by 
nAChRs,  we  were  unable  to  show  that  IL-13  induces  detectable 
levels  of  acetylcholine  in  these  cells.  Nonetheless,  it  is  likely 
that  in  the  absence  of  nicotine,  acetylcholine  is  important  in  air¬ 
way  mucus  formation  and  mucous  cell  hyperplasia/metaplasia. 
Together,  our  results  suggest  that  u7-nAChRs,  G/\B/\AR«2, 
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FIG  7.  Potential  relationship  between  nAChRs  and  mucus  formation  in 
NHBE  cells.  Allergens  or  IL-13  directly  or  indirectly  increase  acetylcholine 
levels  in  airway  epithelial  cells.  Acetylcholine  activates  a7-nAChRs  that 
increase  GABAARa2  expression  that  is  blocked  by  nAChR  antagonists  (MM, 
MLA,  and  ArlB[V11L,  VI 6D]).  Increased  GABAaRcx2  stimulates  mucus  for¬ 
mation  that  is  blocked  by  the  GABAaR  antagonist  PIC.  Dashed  lines  repre¬ 
sent  not  formally  proved  interactions. 


and  the  acetylcholine  metabolic  pathway  or  pathways  can  serve 
as  potential  targets  to  control  airway  mucus  formation. 
A  tentative  scheme  by  which  nAChRs  might  regulate  airway  mu¬ 
cus  is  presented  in  Fig  7. 


Clinical  implications:  This  study  shows  that  nicotine  and  acetyl¬ 
choline  promote  mucus  formation  independently  of  IL-13  and 
in  a  manner  totally  dependent  on  the  activation  of  a7- 
nAChRs.  Moreover,  nicotinic  receptor  antagonists  block  mucus 
formation. 
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METHODS 
Cell  cultures 

NHBE  cells  were  obtained  from  rejected  lung  transplant  donor  material  and 
provided  by  Greg  Connor  of  the  University  of  Miami.  Use  of  these  cells  was 
approved  by  the  Institutional  Review  Board  of  Lovelace  Respiratory  Research 
Institute.  Cells  were  grown  at  the  ALI  by  using  standard  procedures.E1  Briefly, 
cells  were  seeded  into  100-mm  collagen-coated  plastic  dishes  (Corning,  Inc, 
Corning,  NY)  and  grown  in  bronchial  epithelial  cell  growth  medium  (Lonza, 
Basel,  Switzerland)  supplemented  with  bovine  pituitary  extract,  hydrocorti¬ 
sone  (0.5  |xg/mL),  recombinant  human  epidermal  growth  factor  (0.5  ng/ 
mL),  epinephrine  (0.5  [xg/mL),  transferrin  (10  fjig/mL),  insulin  (5  fxg/mL),  ret¬ 
inoic  acid  (0.1  ng/mL),  triiodothyronine  (6.5  ng/mL),  gentamicin  sulfate  (50 
fxg/mL),  and  amphotericin  B  (50  ng/mL).  Cultures  were  maintained  at  37°C 
in  5%  CO2,  and  the  medium  was  changed  every  alternate  day  until  the  cells 
reached  approximately  90%  confluence.  Cells  were  harvested,  and  2.5  X 
105  cells  were  seeded  onto  a  12-mm  collagen-coated  Coming  Costar 
Trans well-Clear  insert  with  0.4- |xm  pores  and  submerged  in  the  differentiation 
medium  (1:1  Dulbecco  modified  Eagle  medium  and  bronchial  epithelial  cell 
growth  medium  with  the  above  supplements  except  gentamicin  sulfate  and 
amphotericin  B  and  with  50  nmol/L  all-trans  retinoic  acid  and  1.5  |xg/mL 
BSA  added).  After  7  days,  the  medium  was  removed  from  the  top  side  of 
the  insert  to  allow  cell  differentiation  and  establish  the  ALI.  The  culture  me¬ 
dium  was  replaced  every  alternate  day,  and  the  apical  surfaces  of  the  cells  were 
rinsed  with  PBS  once  every  week.  Alternatively,  predifferentiated  NHBE  cells 
(Epi Airway  Tissue  Model)  were  purchased  from  Mattek  (Ashland,  Mass). 
A549  cells  (CCL-185)  were  purchased  from  ATCC  (Manassas,  Va)  and  grown 
according  to  the  vendor’s  directions. 

Animal  studies 

OVA-TCR  transgenic  hemizygous  mice  (DO  11.10)  on  a  B ALB/c  back¬ 
ground  were  bred  in  our  animal  facility  by  mating  DOl  1.10  +/—  hemizygous 
males  with  BALB/c  females.  Mice  were  exposed  in  whole-body  inhalation 
exposure  chambers  (Hazelton  H2000,  Lab  Products,  Maywood,  NJ)  to  air,  SS, 
or  nicotine  (1.5  mg  total  particulate  material/m3),  heat-aggregated  OVA  aerosol 
(5  mg/m3),  or  OVA  plus  SS  or  nicotine  for  2  weeks  (6  h/d  for  5  d/wk).  In  some 
experiments  normal  (wild-type)  BALB/c  mice  were  sensitized  to  Afumigatus 
(Greer  Laboratories,  Lenoir,  NC)  extract,  as  described  previously. E2  Briefly,  the 
allergen  used  in  the  study  was  a  lyophilized  culture  filtrate  preparation  of  Afu¬ 
migatus',  the  filtrates  were  stored  at  —  70°C  until  use.  Mice  were  immunized  in- 
tratracheally  with  Afumigatus  extract  (50  mg/0. 1  mL  of  endotoxin-free  sterile 
saline)  or  sterile  saline  alone  and  subsequently  challenged  with  the  Afumigatus 
extract  (100  mg/0. 1  mL  administered  intratracheally)  3  times  at  5-day  intervals. 
For  MM  treatment,  mice  were  subcutaneously  implanted  with  MM-containing 
miniosmotic  pumps  3  weeks  before  exposures,  as  previously  described.3  The 
pumps  delivered  2  mg  of  MM/kg  body  weight  per  day.  The  trachea  was  surgi¬ 
cally  exposed  and  cannulated  and  the  right  lobe  was  lavaged  twice  with  1  mL  of 
sterile  Ca2+/Mg2+-free  PBS  (pH  7.4)  to  collect  lung  lavage  fluid.  Total  and  dif¬ 
ferential  BAL  cells  were  counted  microscopically. E2  The  left  lung  was  fixed 
and  the  right  lung  was  processed  for  RNA  and  protein  extraction.E4  All  animal 
protocols  used  in  this  study  were  approved  by  the  Institutional  Animal  Care  and 
Use  Committee  of  the  Lovelace  Respiratory  Research  Institute. 

Mucus  staining  and  IHC 

NHBE  cells  at  the  ALI  were  fixed  in  10%  neutral  buffered  formalin  and 
embedded  in  paraffin;  5-fxm-thick  sections  were  stained  for  mucus  with  AB/ 
PAS.E5,E6  Briefly,  after  deparaffinization,  the  slides  were  stained  with  AB  so¬ 
lution  at  pH  2.5  for  30  minutes,  and  after  washing,  they  were  treated  with  1% 
periodic  acid  for  10  minutes.  The  slides  were  stained  with  Schiff  reagent  for  10 
minutes,  rinsed  3  times  with  sodium  metabisulfite,  washed,  dehydrated, 
mounted,  and  examined  microscopically  at  the  indicated  magnification.  To 
quantify  mucus-producing  cells  and  mucus  volume,  we  determined  the  num¬ 
ber  of  AB/PAS-positive  cells  per  millimeter  of  basal  lamina  and  the  mucus 
volume  per  cubic  meter  of  basement  membrane.  The  tissue  sections  were  ex¬ 
amined  and  quantified  blind  by  using  an  Olympus  BH-2  light  microscope 
(Olympus,  Center  Valley,  Pa)  equipped  with  the  National  Institutes  of  Health 
image  analysis  system,  as  described  previously. E6 


Immunohistochemical  staining  was  performed  according  to  the  protocol 
previously  described. E7  Mouse  monoclonal  anti-MUC5AC  (45M1;  Thermo 
Scientific,  Lafayette,  Colo)  and  rabbit  polyclonal  anti-GABAARa2  (Sigma, 
St  Louis,  Mo)  antibodies  were  used  at  preoptimized  concentrations  of  1:100 
and  1:50  dilution,  respectively.  The  tissue  sections  were  treated  with  the  pri¬ 
mary  antibodies  overnight  at  4°C,  followed  by  incubation  with  biotinylated 
secondary  antibody  (VECTASTAIN  Elite  ABC  kit;  Vector  Laboratories,  Bur¬ 
lingame,  Calif).  Binding  was  visualized  with  an  avidin-biotinylated  enzyme 
complex  (VECTASTAIN  Elite  ABC  kit),  with  3,  3'-diaminobenzidine  as 
substrate. 

Cell  treatments 

Cells  were  treated  with  100  nmol/L  nicotine  base  (Sigma),  10  to  50  ng/mL 
recombinant  human  IL-13  (R&D  Systems,  Minneapolis,  Minn),  or  indicated 
concentrations  of  NB,  respectively,  and  the  cultures  were  harvested  48  hours 
later.  GABAaR,  nAChR,  or  muscarinic  receptor  inhibitors  were  added  at 
the  indicated  concentrations  2  hours  before  the  addition  of  IL-13,  nicotine, 
or  NB. 

RT-PCR  and  qPCR 

Total  RNA  from  murine  lungs,  NHBE  cells,  and  A549  cells  was  isolated  by 
using  TRI-Reagent.  One-step  RT-PCR  was  performed  with  the  Superscript  III 
One-Step  RT-PCR  System  with  Platinum  Taq.  RT-PCR  primers  for 
GABAARa2  were  5 ' - AGGCTTCCGTTATGATAC AG  (forward)  and  5'-AG- 
GACTGACCCCTAATACAG  (reverse),  and  those  for  GAPDH  were  5'- 
CCCATCACCATCTTCCAGGAG  (forward)  and  5  '-TTCACCACCTTCTT 
CTTGATGTCAT  (reverse);  primers  were  purchased  from  Sigma. 

qPCR  was  performed  with  the  Step  One  plus  Detection  System  (Applied 
Biosystems,  Foster  City,  Calif)  and  the  TaqMan  One-Step  RT-PCR  kit 
containing  AmpliTaq  Gold  DNA  polymerase.  Specific  primers  and  probes 
for  MUC5AC;  the  nAChR  a7/a9/al0  subunits;  muscarinic  receptors  Ml ,  M2, 
M3;  and  GABAARa2  (forward  5'-CCACCATCTCCAAGAGTGCAA  and  re¬ 
verse  5 '  -TGCTTC AGCTGGCTTGTTTTC  and  probe  CACGCCAGAACC- 
CAACAAGAAGCC)  for  qPCR  were  obtained  from  Applied  Biosystems. 
Fold  differences  were  determined  by  using  the  2(_AACT)  method.E8 

Knockdown  of  oil-,  a9-,  and  a10-nAChRs  with 
siRNAs 

siRNAs  were  purchased  from  Thermo  Scientific.  The  siRNA  SMART- 
pool  contained  4  pooled  siRNA  duplexes  with  “UU”  overhangs  and  a  5' 
phosphate  on  the  antisense  strand.  Briefly,  the  siRNA-DharmaFECT 
1  complex  was  added  to  the  cells  in  complete  medium  and  incubated  at 
37°C  in  5%  C02  for  48  hours.  The  mRNA  levels  of  oil-,  a9-,  and  alO- 
nAChRs  were  assessed  48  hours  after  transfection  with  TaqMan  One-Step 
RT-PCR.  Protein  levels  of  GABAARa2  were  determined  by  using  Western 
blot  analysis. 

Western  blot  analysis 

Western  blot  analysis  was  performed  as  described  previously. E7  Briefly, 
lung  tissues  were  homogenized  in  RIPA  buffer  (20  mmol/LTris,  150  mmol/ 
L  NaCl,  20  mmol/L  (3 -glycerol-phosphate,  1%  Triton-X,  10  mmol/L  NaF, 
5  mmol/L  EDTA,  and  1  mmol/L  Na3V04)  containing  protease  inhibitors 
(1  mmol/L  phenylmethylsulfonyl  fluoride  and  1  jxg/mL  each  of  aprotinin,  an¬ 
tipain,  and  leupeptin)  at  4°C.  The  protein  content  of  the  extracts  was  deter¬ 
mined  by  using  the  BCA  Protein  Assay  Kit  (Pierce,  Rockford,  Ill).  Samples 
were  electrophoresed  on  10%  SDS-PAGE  and  transferred  onto  a  nitrocellulose 
membrane  (Bio-Rad  Laboratories,  Hercules,  Calif).  Nonspecific  binding  was 
blocked  with  5%  nonfat  dry  milk  in  Tris-buffered  saline  containing  0.05% 
Tween-20  (TBST)  for  30  minutes  at  room  temperature,  followed  by  overnight 
incubation  with  the  indicated  specific  primary  antibody  at  4°C.  GABAARa2 
expression  was  determined  by  probing  the  blot  with  anti-GABAAR  a2  murine 
mAb  (Millipore,  Temecula,  Calif).  The  blots  were  washed  with  TBST  (3X), 
incubated  for  1  hour  at  room  temperature  with  horseradish  peroxidase-conju¬ 
gated  secondary  antibody,  and  washed  with  TBST  (3  X).  Blots  were  developed 
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with  ECL  (GE  Healthcare,  Hertfordshire,  United  Kingdom)  with  x-ray  photo 
film. 

Statistical  analysis 

All  data  were  analyzed  with  GraphPad  Prism  software  5.03.  One-way 
ANOVA  was  used  to  compare  means  between  the  groups  by  using  the  Tukey 
post  hoc  test,  which  compares  all  groups  at  95%  CIs.  Results  are  presented  as 
means  ±  SDs.  Differences  with  a  P  value  of  less  than  .05  were  considered  sta¬ 
tistically  significant. 
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FIG  El.  MLA  and  PIC  block  the  nicotine  (Ni}~  and  IL-13-induced  mucus  formation  in  NHBE  cells.  NHBE  cells 
were  cultured  at  the  ALI  with  100  nmol/L  nicotine  and  50  ng/mL  IL-13for48  hours.  Where  indicated,  1  |xmol/L 
MLA  or  50  ^mol/L  PIC  was  added  to  cultures  2  hours  before  nicotine,  IL-13,  or  both.  The  inserts  were  fixed 
and  stained  for  mucus  (AB/PAS). 
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FIG  E2.  Unlike  human  Jurkat  T  cells,  NHBE  cells  do  not  express  the  IL-13  gene,  even  after  nicotine 
treatment.  RNA  was  isolated  from  Jurkat  cells  and  NHBE  cells  (with  and  without  100  nmol/L  nicotine 
treatment  for  48  hours)  and  analyzed  for  the  expression  of  IL-13  by  using  qPCR.  The  experiments  were 
repeated  3  times  with  different  batches  of  RNA.  ARn,  The  magnitude  of  the  signal  generated  by  the  given  set 
of  PCR  conditions. 
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FIG  E3.  NHBE  cells  express  al-,  a9-,  and  alO-nAChR  subunits.  RNA  from  NHBE  cells  was  analyzed  for  the 
expression  of  a3-f  a4-,  a5-,  al-,  a9-,  alO-,  and  |32-nAChR  subunits  by  using  qPCR.  Only  the  al ,  a9,  and  alO 
subunits  were  detected  within  40  cycles  of  amplification.  ARn,  The  magnitude  of  the  signal  generated  by  the 
given  set  of  PCR  conditions. 
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FIG  E4.  A549  cells  express  a7-,  a9-,  and  alO-nAChR  subunits.  RNAfrom  A549  contained  mRNAfor  a7-,  a9-, 
and  alO-nAChR  subunits,  as  detected  by  using  qPCR.  However,  these  cells  also  contained  detectable  levels 
of  a3,  a4,  and  (32  subunit  mRNA  (not  shown).  ARn,  The  magnitude  of  the  signal  generated  by  the  given  set  of 
PCR  conditions. 
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FIG  E5.  Picrotoxin  blocks  the  effects  of  nicotine  (Ni)  and  IL-13  on  mucus  formation.  NHBE  cells  were  treated 
with  nicotine,  IL-13,  or  both,  as  described  in  the  Methods  section.  In  some  cultures  50  ^mol/L  PIC  was  added 
2  hours  before  IL-13  and  nicotine.  The  number  of  mucus-containing  cells  per  millimeter  of  basal  lamina  (A), 
the  volume  of  mucus-positive  cells  (B),  and  MUC5AC  expression  determined  by  means  of  qPCR  (C)  in  the 
presence  and  absence  of  PIC  are  shown.  Bars  represent  values  ±  SEMs  for  3  inserts.  Each  experiment  was 
repeated  at  least  5  times.  *P<  .05  and  **P<  .01 . 


780. e8  GUNDAVARAPU  ET  AL 


J  ALLERGY  CLIN  IMMUNOL 
SEPTEMBER  2012 


GABAaRq2- 


Cont  Ni  MLA+Ni 


GAPDH- 


FIG  E6.  MLA  blocks  nicotine  (Ni)- induced  GABAAR2a  in  A549  cells.  mRNA 
from  A549  cells  after  treatment  with  nicotine  and  nicotine  plus  MLA 
(1  fjimol/L)  was  analyzed  by  using  RT-PCR,  as  described  in  the  Methods 
section. 
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FIG  E7.  Specific  siRNAs  decrease  the  mRNA  expression  of  the  selected 
nAChR  subtypes.  A549  cells  were  treated  with  a7-,  a9-,  and  al O-specific 
siRNA,  as  described  in  the  Methods  section.  At  48  hours  after  siRNA 
treatment,  the  expression  of  the  a7-,  a9-,  and  alO-nAChR  subunits  was 
assayed  by  using  qPCR.  The  increased  expression  of  the  alO  subunit  after 
a7  siRNA  treatment  was  consistently  observed.  The  experiment  was 
repeated  twice.  Bars  represent  means  ±  SEMs  from  2  separate  siRNA- 
treated  cell  cultures. 
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FIG  E8.  Aspergillus  species  (Asp)  induce  MM-sensitive  GABAARa2  and  mu¬ 
cus  formation  in  the  airways.  BALB/c  wild-type  mice  were  exposed  to  As¬ 
pergillus  fumigatus  extract,  as  described  in  the  Methods  section.  Some 
animals  received  the  nAChR  inhibitor  MM.  Differential  cell  counts  in  bron- 
choalveolar  lavage  fluid  (A),  lung  IL-13  expression  determined  by  using 
qPCR  (B),  and  lung  IFN-7  expression  determined  by  using  qPCR  in  various 
groups  (C)  are  shown.  The  results  represent  2  independent  in  vivo  exposure 
experiments  with  3  to  6  mice  per  group.  *P<  .05,  **P<  .01,  and  ***P<  .001. 
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FIG  E9.  NHBE  cells  express  Ml,  M2  and  M3  muscarinic  receptor  subunits.  A,  RNAfrom  NHBE  cells  was  an¬ 
alyzed  for  the  expression  of  Ml,  M2,  and  M3  muscarinic  subunits  by  using  qPCR.  B,  Acetylcholine  ( Ach;  100 
p,mol/L)  was  added  to  NHBE  cells,  and  48  hours  later,  the  cells  were  analyzed  for  MUC5AC  and  GABAaRc*2 
mRNA  expression  by  using  qPCR.  ARn,  The  magnitude  of  the  signal  generated  by  the  given  set  of  PCR 
conditions.  *P<. 05. 


Addendum  to  the  previous  report 


Introduction:  The  previous  report  was  rejected  because  we  did  not  explain  why  we  made 
changes  in  the  specific  aim  1  and  how  the  report  addressed  the  specific  aims  in  the  application. 
This  is  an  addendum  to  the  previously  submitted  report  that  provides  the  rationale  for  making 
adjustments  to  aim  1  and  the  summary  of  the  results  obtained. 

Reasons  for  deviating  from  specific  aim  1 

The  application  had  3  specific  aims  to  determine:  (1)  role  of  nicotinic  acetylcholine  receptors 
(nAChRs)  and  muscarinic  receptors  in  sarin-induced  immunosuppression,  (b)  effects  of 
sarin/pyridostigmine  bromide  (PB)  in  infection/autoimmune  disease,  and  (c)  efficacy  of  potential 
therapeutic  interventions.  Aim  1  proposed  to  use  subclinical  levels  of  sarin  exposure  to  raise 
acetylcholine  levels  and  determine  its  effects  on  immunological  responses.  In  our  previous 
studies,  we  used  to  obtain  sarin  from  the  US  Army;  however,  because  of  security  issues  lending 
to  very  high  charges  for  delivery  ($30, 000/shipment),  we  opted  to  synthesize  sarin  in  house. 

The  Lovelace  Respiratory  Research  Institute  (LRRI)  decided  to  seek  approval  to  make  small 
batches  of  sarin  and,  by  various  analytic  tests,  succeeded  to  synthesize  sarin.  Unfortunately, 
when  we  exposed  the  animals  to  putative  subclinical  doses  of  sarin,  animals  got  sick  and  died 
within  36  hr  of  inhalation.  In  the  second  trail,  with  reduced  dosage,  more  than  half  of  the  animals 
died.  Death  in  these  animals  was  due  to  severe  bronchoconstriction  and  lung  epithelial  cell 
damage  (Gundavarapu  et  al.,  unpublished  observation).  Thus  the  lung  is  a  major  target  of  sarin, 
and  because  epithelial  cells  in  the  lung  play  an  important  role  immune/inflammatory  responses 
(7),  effects  of  sarin  on  these  cells  could  contribute  to  the  immunological  effects  of  sarin. 

Because  it  costs  enormous  amount  of  money  to  expose  animals  to  compounds  like  sarin 
together  with  uncertainty  about  sarin  exposure  dose,  we  decided  to  use  cell  culture  models  to 
ascertain  the  effects  of  cholinergic  compounds  and  cholinergic  receptors  on 
immune/inflammatory  responses.  We  opted  to  use  normal  human  bronchial  epithelial  (NHBE) 
cells  and  cell  lines  to  study  the  effects  of  cholinergic  agents  and  cholinergic  receptors  on  mucus 
responses.  Indeed,  NHBE  cells  have  nicotinic  (2),  muscarinic  (3),  and  gamma  aminobutyric  acid 
(GABA)A-receptors  (4,  5),  specifically  GABAAR2a  (2).  Importantly,  we  found  that  acetylcholine  or 
acetylcholinesterase  inhibitors  -  neostigmine  and  pyridostigmine  bromide  induce  mucus 
formation  in  NHBE  cells  (2).  This  may  explain  how  cholinergic  compounds  including  sarin 
activate  the  airway  secretory  cells  and  affect  the  pulmonary  immune  function.  These 
experiments  are  detailed  in  the  original  report  and  appendices. 

Mucus  is  an  excellent  milieu  for  bacterial  growth  (6)  and  experiments  are  planned  to  test 
whether  chronic  exposure  to  pyridostigmine  bromide  (PB)  exacerbates  Legionella  infections. 


Specific  Aim  2 

To  evaluate  the  effects  of  cholinergic  compounds  on  chronic  inflammatory  bowel 
diseases,  we  used  the  mouse  model  of  ulcerative  colitis  (7  day  exposure  to  dextran  sulfate). 
The  experimental  groups  included:  control,  dextran  sulfate,  and  PB  +  dextran  sulfate.  Dextran 
sulfate  was  given  to  the  animals  through  drinking  water  and  PB  by  subcutaneously  implanted 
Alzet  miniosmotic  pumps.  The  experiment  has  been  completed  and  we  are  awaiting  the 
pathology  reports  and  immunologic  analysis  to  determine  whether  PB  exacerbates  the  disease. 
Animals  were  also  weighed  before  and  after  dextran  sulfate  and  PB  treatment.  Animal  weights 
showed  that  dextran  sulfate  and  dextran  sulfate  +  PB-treated  groups  had  significantly  lower 
body  weights  than  control  animals.  Body  weights  of  the  animals  in  PB  +  dextran  sulfate  groups 
over  dextran  sulfate  alone  tended  to  be  lower  but  did  not  reach  statistical  significance  (see 
Addendum  Fig.  1 ).  Hopefully,  in  the  next  few  weeks  we  will  have  immunological  and 
pathological  data  to  determine  whether  acetylcholine  esterase  inhibitors  exacerbate  both 


respiratory  and  gastrointestinal  diseases  -  two  of  the  symptoms  associated  with  the  Gulf  War 
syndrome. 

Day  7  Body  Wt. 


★* 


Addendum  Fig.1:  Three  groups  ofC57BI/6  mice  (8  animals/group)  representing  control,  dextran 
sulfate  (DDS),  and  dextran  sulfate  +  PB  were  started  for  this  experiment.  Dextran  sulfate  (3%  in 
drinking  water)  was  provided  by  drinking  water  for  7  days.  One  week  prior  to  dextran  sulfate,  the 
dextran  sulfate  +  PB  group  were  implanted  subcutaneously  with  PB  (2mg/kg/body 
wt.concentration?)-containing  miniosmotic  pumps.  The  experiment  was  stopped  after  1-week 
treatment  with  dextran  sulfate  and  body  weights  recorded  before  sacrifice. 

Specific  aim  3 

Specific  aim  3  was  directed  to  test  potential  interventions.  We  already  showed  that  airway 
mucus  formation  in  response  to  cholinergic  agents  such  as  neostigmine  and  nicotine  are 
blocked  by  nicotinic  receptor  antagonists  in  cell  culture.  In  vivo  mucus  formation  in  response  to 
nicotine  or  cigarette  smoke  is  also  inhibited  by  nicotinic  acetylcholine  receptor  inhibitors  (2). 
Recently,  we  have  identified  HIV  gp120  as  a  strong  pro-mucoid  agent  in  the  airways  (7);  (see 
the  new  appendix  -  to  be  submitted  to  Journal  of  Experimental  Medicine).  This  may  explain  the 
epidemiological  data  indicating  a  significantly  increased  incidence  of  obstructive  pulmonary 
diseases  in  HIV-infected  US  veterans  (8).  After  establishing  the  gut  pathology  associated  with 
dextran  sulfate  +  PB,  we  will  determine  whether  anticholinergic  agents  ameliorate  the  dextran 
sulfate  and/or  dextran  sulfate  +  PB  gut  pathology. 
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Abstract 


Lung  diseases  such  as  asthma,  chronic  bronchitis,  chronic  obstructive  pulmonary 
disease,  and  lung  infections  are  a  major  cause  of  morbidity  and  mortality  among  HIV- 
infected  patients  even  in  the  era  of  antiretroviral  therapy  (ART).  Excessive  airway 
mucus  formation  is  a  characteristic  of  these  diseases  and  contributes  to  airway 
obstruction  and  lung  infections.  HIV-gp120  is  an  important  factor  in  HIV  pathogenesis 
and  normal  human  bronchial  epithelial  (NHBE)  cells  which  make  airway  mucus,  express 
the  HIV-gp120  coreceptor  CXCR4  but  not  CCR5,  and  CXCR4-tropic  and  CXCR4/CCR5 
dual-tropic  HIV-gp120  induced  mucus  production  in  NHBE  cells,  which  was  blocked  by 
CXCR4  but  not  CCR5  inhibitors.  Airways  mucus  is  regulated  by  a7-nicotinic 
acetylcholine  receptor  (a7-nAChR)  and  epithelial  growth  factor  receptor  (EGFR) 
pathways.  The  gp120-induced  mucus  formation  was  inhibited  by  a7-nAChR  but  not 
EGFR  inhibitors.  To  ascertain  the  in  vivo  relevance  of  these  results,  we  examined  HIV- 
infected  and  simian  immunodeficiency  virus  (SlV)-infected  postmortem  lung  tissues  for 
mucus  and  gp120  expression.  HIV-  and  SIV-infections,  even  after  ART,  led  to  gp120 
immunoreactivity  and  mucus  formation  in  the  lung.  These  results  suggest,  for  the  first 
time,  that  HIV-gp120  promotes  mucus  formation  that  may  contribute  to  pulmonary 
obstructive  diseases  in  HIV-infected  subjects.  (Word  count  189) 


Introduction 


Prior  to  the  advent  of  anti-retroviral  therapy  (ART),  pulmonary  diseases  were  among  the 
most  frequent  complications  of  HIV  infection  (Murray  and  Mills,  1990);  however,  while 
HIV-associated  mortality  has  decreased  substantially  after  the  introduction  of  anti¬ 
retroviral  therapy  (ART)  (Palella  et  al.,  1998),  lung  diseases  continue  to  remain  a  major 
cause  of  morbidity  and  mortality  among  HIV  patients  (Grubb  et  al.,  2006).  HIV-infected 
patients  exhibit  a  significantly  higher  incidence  and  early  onset  of  chronic  obstructive 
pulmonary  disease  (COPD),  chronic  bronchitis,  asthma  and  lung  infections  (Diaz  et  al., 
2000;  Gingo  et  al.,  2010;  Morris  et  al.,  201 1 ).  For  example,  it  was  reported  that  23%  of 
relatively  young  (mean  age  34  years)  HIV-infected  smokers  without  a  history  of 
pulmonary  infections  developed  COPD/emphysema  as  detected  by  computer 
tomography  scan  and  lung  function  testing,  compared  to  only  2%  of  control  subjects 
matched  for  age  and  smoking  history,  and  the  participants  were  relatively  healthy  (Diaz 
et  al.,  2000).  The  most  common  respiratory  symptoms  in  these  patients  was  cough, 
airway  mucus,  dyspnea  and  respiratory  infections  (Diaz  et  al.,  2003).  The  mechanism(s) 
by  which  HIV  infection  promotes  lung  disease  in  the  presence  of  ART  is  not  clear; 
however,  even  under  conditions  of  controlled  HIV  viremia,  the  virus  may  persist  in 
reservoirs  leading  to  low  levels  of  viral  RNA  and/or  proteins  (Rychert  et  al.,  2010).  The 
HIV  envelop  glycoprotein  gp120  may  be  present  in  the  plasma,  lymphoid  tissue,  and 
brain  of  HIV-infected  patients  and  simian  immunodeficiency  virus  (SlV)-infected 
monkeys  before  and  after  ART  (Rychert  et  al.,  2010;  Santosuosso  et  al.,  2009). 
Moreover,  lungs  may  harbor  significant  levels  of  the  latent  virus  (North  et  al.,  2010)  and 
pulmonary  infections  may  activate  the  latent  virus  (Segal  et  al.,  201 1 ). 


Airway  mucus  overproduction  is  a  common  characteristic  of  lung  diseases  such 
as  chronic  bronchitis,  COPD,  and  asthma.  While  airway  mucus  plays  an  important  role 
in  mucociliary  clearance  and  is  the  first  line  of  defense  against  inhaled  pathogens  and 
particulate  matter  (Hovenberg  et  al. ,  1996),  excessive  mucus  formation  contributes  to 
airway  obstruction  and  pathogenesis  of  COPD,  airway  inflammation,  asthma,  and 
chronic  bronchitis  (Rose  and  Voynow,  2006).  Excessive  mucus  is  also  an  excellent 
milieu  for  bacterial  growth  and  encourages  lung  infections  (Voynow  and  Rubin,  2009). 
We  and  others  have  demonstrated  that  airway  mucus  formation  is  strongly  influenced 
by  gamma  aminobutyric  acid  (GABA)aRo2  and  nicotinic  acetylcholine  receptors 
(nAChRs)  in  the  airway  epithelial  cells  (Fu  et  al.,  201 1 ;  Gundavarapu  et  al.,  2012;  Xiang 
et  al.,  2007),  and  reciprocally,  nAChR  antagonists  suppress  allergen  and  cigarette 
smoke  (CS)/nicotine-induced  airway  mucus  formation  both  in  vitro  and  in  vivo 
(Gundavarapu  et  al.,  2012).  In  this  communication  we  present  evidence  that  HIV  gp120 
induces  mucus  formation  in  normal  human  bronchial  epithelial  (NHBE)  cells  through  the 
HIV  co-receptor  CXCR4  using  the  a7-nAChR  -  GABAARa2  pathway  but  not  the 
epithelial  growth  factor  receptor  (EGFR)  pathway.  Moreover,  even  after  ART,  autopsied 
lungs  tissues  from  HIV  and  simian  immunodeficiency  virus  (SIV)  infected  humans  and 
monkeys,  respectively,  show  the  presence  of  gpl  20,  mucus,  and  GABAaRc<2 


expression. 


Results  and  Discussion 


HIV  gp120  promotes  mucus  formation  in  NHBE  cells :  Although  a  large  percentage 
of  HIV-infected  patients  are  smokers  (Forey  et  al.,  2011;  Niaura  et  al.,  2000)  and  CS  is 
the  major  risk  factor  in  many  lung  diseases  (Forey  et  al.,  201 1 ),  HIV  may  be  an 
independent  risk  factor  for  COPD,  asthma,  and  bronchitis  (Gingo  et  al.,  2010;  Raynaud 
et  al.,  201 1),  and  compared  to  HIV-negative  veterans,  HIV-positive  veterans  with  similar 
smoking  history  are  50-60%  more  likely  to  develop  COPD  (Crothers  et  al.,  2006).  To 
understand  the  manner  by  which  HIV  promotes  airway  mucus  formation,  we 
ascertained  whether  HIV  gp120  plays  a  role  in  airway  mucus  formation.  The  rationale 
for  focusing  on  gp120  were:  (a)  the  bronchoalveolar  lavage  cells  from  HIV  patients  with 
lung  infections  secrete  gp120  (Rubbo  et  al.,  201 1 ),  (b)  significant  levels  of  gp120  are 
found  in  plasma  and  tissues  of  HIV-infected  patients  even  after  highly  active  ART 
(HAART)  (Rychert  et  al.,  2010;  Santosuosso  et  al.,  2009),  and  (c)  gp120  has  been 
implicated  in  number  of  HIV-related  pathologies  including  neuropathogenesis  and 
vascular  abnormalities  (Kanmogne  et  al.,  2005;  Kaul  et  al.,  2001 ).  In  the  airways,  mucus 
is  formed  by  goblet  cells  -  a  subgroup  of  airway  epithelial  cells  (Hovenberg  et  al.,  1996), 
and  we  determined  whether  gp120  in  realistic  concentrations  triggered  mucus  formation 
in  NHBE  cells  grown  on  air-liquid  interphase  (Gundavarapu  et  al.,  2012).  We  used  a 
concentration  of  10-100  ng/ml  of  X4-gp120  (gp120LAv)  in  NHBE  cell  cultures.  The 
rationale  for  using  these  concentrations  was  that  many  HIV  patients  on  HAART  have 
gp120  levels  in  plasma/tissues  that  are  within  this  concentration  range  and  some  may 
even  reach  796  ng/ml  (Rychert  et  al.,  2010).  Fig.  1A  shows  that  as  little  as  10  ng/ml  of 
gp120  induces  detectable  mucus  in  NHBE  cells.  Mucus  content  was  optimal  around  100 


ng/ml  of  gp120  and,  unless  mentioned  otherwise,  we  used  gp120LAv  (gp120)  at  100 
ng/ml  in  NHBE  cell  cultures. 

HIV  gp120  induces  mucus  through  CXCR4  receptors  on  NHBE  cells.  CD4  is  the 

major  receptor  for  HIV  entry  (Wilen  et  al.,  2012);  however,  NHBE  cells  do  not  express 
CD4  (not  shown);  therefore,  we  determined  whether  gp120  affected  mucus  formation 
through  CXCR4  (X4)  or  CCR5  (R5)  HIV  coreceptors.  We  used  gp120  variants,  including 
gp120LAv  (X4-tropic),  gp120MN  (R5X4  dual-tropic),  and  gp120ZM  (R5-tropic).  Compared 
to  the  R5-tropic  gp120ZM,  X4-tropic  gp120LAv  and  R5X4-tropic  gp120MN  strongly  induced 
mucus  formation  and  mucous  cell  metaplasia  in  NHBE  cells  (Fig.  IB).  Similarly,  as 
detected  by  qPCR,  the  expression  of  MUC5AC  (Fig.  1C,  left  panel)  -  the  major  inducible 
mucin  in  the  airway  mucus  and  GABAaRo2  (Fig.  1C,  right  panel)  was  upregulated  more 
strongly  by  X4-  and  X4/R5-  than  R5-specific  gpl 20,  suggesting  gp120-X4  is  a  strong 
stimulator  of  mucus  formation  in  NHBEC.  Because  even  the  R5-tropic  gp120ZM 
modestly  increased  mucus  formation  in  NHBE  cells,  we  determined  whether  NHBE  cells 
expressed  CXCR4  and/or  CCR5.  CXCR4  plays  a  critical  role  in  allergic  inflammation 
(Gonzalo  et  al.,  2000)  and  its  expression  was  previously  reported  on  bronchial  epithelial 
cells  (Eddleston  et  al.,  2002);  persistent  high  expression  of  CXCR4  was  also  noted  in 
the  lungs  of  HIV  patients  on  HAART  (Tavares  Marques,  et  al.,  2007).  We  used  qPCR  to 
ascertain  the  presence  of  CXCR4  and  CCR5  on  NHBE  cells.  Results  presented  in  Fig. 
2A  indicate  that  NHBE  cells  express  CXCR4  but  the  expression  of  CCR5  was  not 
detectable  up  to  40  cycles  of  qPCR  analysis.  Thus,  the  small  amount  of  mucus  induced 
by  gp120ZM  in  NHBE  cells  may  reflect  some  degree  of  crossreactivity  of  gp120ZM  with 


CXCR4.  The  induction  of  mucus  by  gp120LAv  (Fig.  2B),  and  gp120MN  and  gp120ZM  (not 
shown)  was  blocked  by  pretreatment  of  NHBE  cells  with  CXCR4  antagonist  AMD3100, 
but  not  by  the  CCR5  antagonist  maraviroc.  Moreover,  qPCR  analysis  indicated  that 
gp120-induced  expression  of  MUC5AC  (Fig.  2C,  left  panel)  and  GABAARa2  (Fig.  2C, 
right  panel)  in  NHBE  was  suppressed  by  the  CXCR4  antagonist  (AMD3100)  but  not  by 
CCR5  antagonist  (maraviroc).  Thus,  in  NHBE  cells  gp120  promotes  mucus  formation 
through  CXCR4. 

HIV  gp120  induces  mucus  formation  via  the  a7-nAChR/GABAAR  pathway  in  NHBE 
cells.  We  have  demonstrated  that  nicotine  perse  stimulates  mucus  production  in 
NHBE  cells  through  a7-nAChRs,  and  the  induction  of  mucus  by  IL-13  in  these  cells  is 
also  regulated  by  a7-nAChRs  (Gundavarapu  et  al.,  2012).  Moreover,  activation  of  a7- 
nAChR  by  nicotine  or  ACh  increases  the  expression  of  GABAaRs,  specifically  the 
GABAaRo2  subtype  (Gundavarapu  et  al.,  2012),  and  GABAaRs  have  been  shown  to  be 
critical  for  airway  mucus  production  (Xiang  et  al.,  2007).  However,  mucus  formation  is 
also  regulated  by  EGFR  that  is  not  affected  by  nAChR  antagonists,  indicating  that 
EGFRs  and  nAChRs  stimulate  airway  mucus  formation  by  distinct  pathways 
(Gundavarapu  et  al.,  unpublished  observation).  To  ascertain  whether  the  induction  of 
mucus  in  NHBE  cells  by  gpl  20  uses  nAChRs  and/or  EGFR,  prior  to  addition  of  gpl  20 
NHBE  cells  were  incubated  with  a7-nChR-specific  antagonists  methyllycaconitine  (MLA) 
or  the  conotoxin  peptide  ArlB[V1 1L,  VI 6D]  (ArIB)  (Gundavarapu  et  al.,  2012;  Whiteaker 
et  al.,  2007),  or  the  EGFR  antagonist  AG1478  at  predetermined  optimal  concentrations. 
As  seen  in  Fig.  3A,  while  AG1478  inhibited  EGF  stimulated  mucus  in  NHBE  cells,  it  had 


no  detectable  effect  on  gp120-induced  mucus  in  these  cells.  On  the  other  hand,  a 7- 
nAChR  inhibitors  (MLA  and  ArIB)  suppressed  the  mucus  formation  in  NHBE  cells  in 
response  to  gp120.  Thus  HIV  gp120  uses  the  a7-nAChR  pathway  but  not  the  EGFR 
pathway  to  induce  mucus  formation  in  NHBE  cells.  These  results  were  further 
supported  by  qPCR  analysis  to  determine  the  effects  of  these  inhibitors  on  the 
expression  of  gp120-induced  MUC5AC  (Fig.  3B,  left  panel)  and  GABAaRo2  (Fig.  3B, 
right  panel)  in  NHBE  cells.  Interestingly,  in  1992  HIV-1  gp120  was  shown  to  compete 
with  a-bungarotoxin  binding  in  neuronal  cells,  indicating  binding  of  gp120  to  nAChRs 
(Bracci  et  al. ,  1992);  however,  our  studies  suggest  that  in  the  mucus  production  by 
NHBE  cells  the  effects  of  gp120  are  mediated  through  binding  to  CXCR4,  and  a7- 
nAChRs  are  downstream  of  this  event.  More  recently  the  effects  of  gp120-induced 
neuronal  cell  death  have  been  linked  to  upregulation  of  nAChRs  through  its  binding  to 
CXCR4  (Ballester  et  al.,  2012).  Together  these  results  suggest  that  CXCR4 
communicate  with  nAChRs  in  affecting  biological  functions,  including  mucus  production. 

HIV  and  SIV  infections  induce  airway  mucus  formation.  HIV  infection  increases  the 
risk  of  lung  diseases  such  as  COPD,  asthma  and  bronchitis  (Gingo  et  al.,  2010;  Morris 
et  al.,  201 1),  and  mucus  hypersecretion  plays  an  important  role  in  the  pathogenesis  of 
these  diseases  (Rose  and  Voynow,  2006;  Turner  and  Jones,  2009).  To  ascertain 
whether  HIV  and  SIV  infections  are  associated  with  mucus  production  in  the  lungs,  we 
examined  autopsied  lung  tissues  from  control,  HIV-infected,  and  HIV-infected  +  HAART 
patients.  These  lung  sections  were  examined  for  mucus  by  alcian  blue-periodic  Schiff 
(AB-PAS)  staining  (Fig.  4A)  and  for  GABAaRq2  expression  by  immunohistochemistry 


(IHC)  (Fig.  4B),  and  the  results  indicate  that  control  human  lungs  (n  =  7)  have  very  low 
level  of  airway  mucus;  however,  lungs  from  HIV-infected  without  HAART  (n  =  2)  and 
HIV-infected  +  HAART  (n  =  6)  have  significantly  higher  levels  of  mucus  and  GABAARa2. 
Many  lung  sections  were  from  HIV-infected  intravenous  drug  users  (IVDU);  however,  in 
the  absence  of  HIV  infection,  lung  tissues  from  IVDU  (n  =  2)  did  not  contain  significant 
levels  of  mucus  (not  shown)  indicating  that  in  the  absence  of  HIV  infection,  intravenous 
drug  use  was  not  significantly  associated  with  excessive  mucus  production  in  the  lung. 
Because,  many  HIV  patients  die  from  lung  diseases,  including  infection,  it  was  possible 
that  mucus  formation  in  HIV-infected  patients  might  have  resulted  not  from  HIV  infection 
perse  but  in  response  to  a  secondary  bacterial/fungal  infection  in  the  lung.  Therefore, 
we  obtained  lung  tissues  from  uninfected  (n  =  2)  and  SIV-infected  rhesus  macaques 
without  ART  (n=3)  and  with  ART  treatment  (n=4).  At  sacrifice  the  monkeys  were 
relatively  healthy  and  ART  had  decreased  viremia  by  more  than  99.5%.  As  in  HIV¬ 
negative  humans,  control  macaque  lungs  had  low  levels  of  mucus  expression;  however, 
SIV  infection  increased  mucus  production  in  the  lung,  and  ART  only  moderately 
decreased  the  mucus  (Fig.  4C).  Similar  results  were  obtained  when  the  lungs  were 
scored  for  GABAARa2  by  IHC  (Fig.  4D)  and  the  number  of  goblet  cells  (MCs)/mm  basal 
lamina  microscopically  (Fig.  4E).  Together  these  results  suggest  that  both  HIV  and  SIV 
infections  promote  mucus  formation  in  the  lung  and  HAART/ART  does  not  completely 
block  this  response. 

Lungs  from  HIV/SIV-infected  and  ART-treated  humans  and  monkeys  exhibit 
gp120  immunoreactivity.  If  the  viral  components  such  as  gp120  were  to  promote 


airway  mucus  formation,  it  should  be  present  in  HIV-infected  lungs  even  after  ART.  To 
ascertain  whether  increased  mucus  in  HIV/SIV-infected  lungs  correlated  with  the 
presence  of  gp120  in  the  lungs,  we  determined  whether  gpl  20  persisted  in  the  lung 
sections  from  HIV/SIV-infected  humans/monkeys  even  after  HAART/ART.  It  is  clear 
from  IHC  data  that  gpl 20  immunoreactivity  is  present  in  SIV-infected  and  SIV  +  ART 
macaque  lungs  (Fig.  5A),  even  though  ART  had  reduced  viremia  by  more  than  99.5%  in 
these  animals  (not  shown).  Moreover,  while  the  gpl  20  immunoreactivity  was  widely 
scattered  in  the  lungs  of  SIV-infected  animals,  it  was  localized  mainly  to  macrophage¬ 
like  cells  in  SIV  +  ART  lungs.  In  addition,  SIV-infected  lungs  had  small  fibrotic  areas  that 
were  essentially  absent  in  SIV  +  ART  animals,  indicating  ART  suppressed  the  SIV- 
induced  fibrotic  response  in  the  lung.  Similarly,  the  gpl  20  immunoreactivity  was  also 
seen  in  the  lungs  of  HIV  patients  with  and  without  HAART  (Fig.  5B);  however,  it  was 
difficult  to  determine  whether  HAART  had  any  significant  effect  on  gpl  20  or  mucus 
levels  in  the  lung.  Thus  a  significant  level  of  gpl  20  might  be  present  in  HIV/SIV-infected 
lungs  even  after  HAART/ART. 

The  reason(s)  for  the  presence  of  gpl  20  in  the  lungs  after  ART  is  unclear.  It  is  possible 
that  ART  does  not  completely  eliminate  viral  replication  (North  et  al.,  2010)  from  all 
HIV/SIV-infected  lungs.  Interestingly,  the  bronchoalveolar  lavage  T  cells  from  HIV 
patients  with  lung  infections  secrete  gpl 20,  suggesting  that  the  lung  environment  might 
facilitate  the  production  and  secretion  of  gpl 20  (Rubbo  et  al.,  201 1 ).  It  is  also  possible 
that  some  cells  with  integrated  HIV  provirus  remain  transcriptionally  active  in  the  lung 
during  HAART  (Hermankova  et  al.,  2003).  Nonetheless,  these  results  suggest  that 
gpl  20  may  play  an  important  role  in  airway  mucus  production  in  HIV-infected  patients 


and  SIV-infected  macaques,  and  excessive  mucus  production  could  contribute  to  HIV- 
related  obstructive  lung  diseases.  Because  HIV  gp120  uses  the  a7-nAChR/GABAARa2 
pathway  to  trigger  airway  mucus  formation  and  mucous  cell  hyperplasia,  a7nAChR  and 
GABAaRo2  antagonists  may  have  beneficial  effects  in  reducing  mucus  formation  and 
development  of  obstructive  lung  diseases  and  lung  infections  in  HIV-infected  subjects. 

Materials  and  Methods 

Cell  Cultures-.  Cells  and  the  media  were  purchased  from  Lonza  (Basel,  Switzerland) 
and  grown  at  air-liquid  interphase  (ALI)  using  standard  procedures  (Atherton  et  al., 
2003).  Alternatively,  pre-differentiated  NHBE  cells  (EpiAirway™  Tissue  Model)  were 
purchased  from  Mattek  (Ashland,  MA). 


SIV  infection:  SIVmacR71/17E  was  originally  prepared  from  pooled  brain  homogenates 
from  macaques  infected  with  R17  and  R17E  (Sharma  et  al.,  1992).  Virus  stock  was 
prepared  from  ConA-activated  peripheral  blood  mononuclear  cells  depleted  of  CD8+  T 
cells,  and  assayed  for  infectivity  as  described  (Schweighardt  et  al.,  2004).  Animals  were 
inoculated  intravenously  with  approximately  104PFU  of  virus. 


Lung  tissue  collection  from  macaques :  Animals  were  anesthetized  with 
intramuscular  injection  of  ketamine  (3mg/kg)  and  medetomidine  (0.15mg/kg)  and 
exsanguinated  from  the  descending  aorta.  Tissue  samples  were  fixed  in  10%  formalin 
for  histopathological  analysis.  The  experimental  protocol  was  approved  by  the 


Institutional  Animal  Care  and  Use  Committee,  and  the  research  conducted  in 
accordance  with  the  Guide  for  the  Care  and  Use  of  Laboratory  Animals. 

Human  Lung  Tissues  and  Sections:  Frozen  and  paraffin-embedded  sections  from 
HIV-infected,  HIV-infected  on  HAART,  and  HIV-negative-lVDU  were  obtained  from  the 
Manhattan  HIV  Brain  Bank  (New  York,  NY).  The  IVDU  in  this  study  were  mainly  heroin 
and/or  cocaine  abusers  (Dhillon  et  al.,  201 1 ).  Normal  (control)  lung  tissues  were 
collected  for  emphysema  studies  at  the  Division  of  Pulmonary,  Allergy,  and  Critical 
Care  Medicine,  University  of  Pittsburg. 

Mucus  staining  and  Immunohistochemistry:  NHBE  cells  at  ALI  were  fixed  in  10% 
neutral  buffered  formalin  and  embedded  in  paraffin;  5-pm-thick  sections  were  stained 
for  mucus  with  AB-PAS  (El-Zimaity  et  al.,  1998;  Harkema  and  Hotchkiss,  1992).  Briefly, 
after  deparaffinization,  the  slides  were  stained  with  AB  solution  at  pH  2.5  for  30  min, 
washed,  and  treated  with  1%  periodic  acid  for  10  min.  The  slides  were  stained  with 
Schiffs  reagent  for  10  min,  rinsed  3x  with  sodium  metabisulfite,  washed,  dehydrated, 
mounted,  and  examined  microscopically  at  indicated  magnification.  Human  lung  tissue 
sections  and  macaque  lung  tissue  sections  were  also  stained  for  mucus  following  the 
same  procedure  as  mentioned  above.  Quantification  of  mucus  positive  cells  per 
millimeter  of  basal  lamina  was  performed  using  the  VisioMorph  system  (Visiopham, 
Horsholm,  Denmark). 

Immunohistochemical  staining  was  performed  according  to  the  protocol  previously 
described  (El-Zimaity  et  al.,  1998).  Mouse  Monoclonal  anti-MUC5AC  (45M1;  Thermo 


Scientific,  Lafayette,  CO)  and  rabbit  polyclonal  anti-GABAARa2  (Sigma,  St.  Louis,  MO) 
antibodies  were  used  at  pre-optimized  concentrations  of  1 :100  and  1 :50  dilutions, 
respectively.  The  tissue  sections  were  treated  with  the  primary  antibodies  overnight  at 
4°C,  followed  by  incubation  with  biotinylated  secondary  antibody  (VECTASTAIN®  Elite 
ABC  kit,  Vector  Laboratories,  Burlingame,  CA).  Binding  was  visualized  using  an  avidin- 
biotinylated  enzyme  complex  (VECTASTAIN®  Elite  ABC  kit)  with  3,  3’-diaminobenzidine 
(DAB)  as  substrate. 

Cell  treatments-.  Unless  indicated  otherwise,  NHBE  cells  were  treated  with  100  ng/ml 
of  HIV-1  gpl 20imb  (gpl 20Lav),  gp120  96ZM651  (gp120ZM),  and  gp120MN  and  obtained 
from  Dr.  Madhavan  Nair  (Florida  International  University,  Miami,  FL).  The  inhibitors  of 
nAChRs,  EGFR,  CXCR4,  and  CCR5  were  purchased  from  Sigma  (St.  Louis).  The 
inhibitors  were  used  at  the  following  concentrations:  a7-nAChR  inhibitors  MLA  (1  pM), 
CXCR4  inhibitor  AMD31 00  (10  pM),  EGFR  inhibitor  AG1478  (5  pM),  and  CCR5  inhibitor 
Maraviroc  (10  pM),  and  added  to  the  cell  cultures  2  h  prior  to  the  addition  of  gpl  20  or 
EGF.  The  conotoxin  peptide  inhibitor  of  a7-nAChRs  (ArIB)  was  prepared  as  described 
previously  (Ellison  et  al.,  2006)  and  used  at  500  nM.  (Gundavarapu  et  al.,  2012). 

RT-PCR  and  qPCR\  Total  RNA  from  human  and  macaque  lungs  and  NHBE  cells  was 
isolated  using  TRI-Reagent  (Molecular  Research  Center,  Inc.,  Cincinnati,  OH).  qPCR 
was  performed  using  Step  One  plus  Detection  System  (Applied  Biosystems,  Foster 
City,  CA)  and  TaqMan  One-Step  RT-PCR  kit  containing  AmpliTaq  Gold®  DNA 
polymerase.  Specific  primers  and  probes  for  MUC5AC  and  GABAaRc<2  were  obtained 


from  Applied  Biosystems.  Fold  changes  in  qPCR  expression  were  calculated  by  the  2(' 
AACT)  method  (Livak  and  Schmittgen,  2001). 

Statistical  analysis-.  All  data  were  analyzed  using  Graph-Pad  Prism  software  5.03 
(Graph-Pad  Software  Inc.,  San  Diego,  CA).  One-way  ANOVA  was  used  to  compare 
mean  between  the  groups  using  Tukey  post-hoc  test  that  compares  all  groups  at  95% 
confidence  intervals.  Results  are  presented  as  the  means  +  SD.  The  differences  with  p 
value  of  <0.05  were  considered  statistically  significant.  *P  <0.05;  **P  <0.01 ,  ***P 
<0.001. 
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FIGURE  LEGENDS 


Figure  1:  HIV  gp120  induces  mucus  formation  and  increases  MUC5AC  and 
GABAaRo2  expression  in  NHBE  cells.  (A):  NHBE  cells  were  treated  with  10,  33,  and 
1 00  ng/ml  of  gpl  20Lav  for  48  hr  and  the  mucus  in  the  inserts  was  visualized  by  AB-PAS 
staining.  (B):  NHBE  cells  were  also  treated  with  100  ng/ml  of  gp120LAv,  gp120MN,  or 
gp120zM  and  examined  for  mucus  formation  by  AB-PAS  staining.  (C):  The  expression  of 
MUC5AC  and  GABAARa2  by  qPCR.  Each  experiment  was  repeated  at  least  three 
times.  Error  bars  on  MUC5AC  and  GABAARa2  qPCR  analysis  represent  mean  ±  SEM 
from  three  inserts. 

Figure  2:  NHBE  cells  express  CXCR4  but  not  CCR5  and  HIV  gp120  induces  mucus 
through  CXCR4.  (A):  NHBE  cell  RNA  was  analyzed  by  qPCR  for  the  expression  of 
CXCR4  and  CCR5  up  to  40  cycles  of  amplification.  (B):  gp120LAv-induced  mucus 
formation  was  determined  in  the  presence  or  absence  of  CXCR4  inhibitor  AMD31 00 
and  CCR5  inhibitor  maraviroc  .  (C):  gp120-induced  mRNA  expression  of  MUC5AC  and 
GABAARa2  was  determined  in  the  presence  and  absence  of  AMD3100  and  maraviroc 
by  qPCR  analysis.  Each  experiment  was  repeated  at  least  three  times;  bars  represent 
mean  ±  SEM. 

Figure  3:  HIV  gp120  induces  mucus  formation  through  a7-nAChRs  in  NHBE  cells. 
(A):  NHBE  cells  were  cultured  with  EGF  or  gp120LAv  as  described  in  Materials  and 
Methods.  Where  indicated,  EGFR  inhibitor  (AG1478)  or  a7-nAChR  inhibitors  (MLA  or 
ArIB)  were  added  2  h  before  the  addition  of  gp120/EGF.  Cells  were  stained  for  mucus 


(AB-PAS).  (B):  Expression  of  MUC5AC  and  GABAARa2  mRNA  was  determined  by 
qPCR  analysis.  The  results  represent  three  independent  experiments  and  error  bars  are 
mean  ±  SEM  from  three  inserts. 

Figure  4:  HIV  and  SIV  infections  increase  mucus  and  GABAARa2  expression  in 
the  lung.  Lung  sections  from  control,  HIV-infected,  and  HIV  +  HAART  patients  were 
(A):  stained  for  AB-PAS  for  mucus  and  (B):  stained  using  IHC  for  GABAARa2.  Similarly, 
lung  sections  from  control,  SIV-infected,  and  SIV  +  ART  monkeys  were  (C):  stained  AB- 
PAS  and  (D):  IHC  stained  for  GABAARa2.  (E):  Mucus  containing  cells  (MC’s)/mm  basal 
lamina  was  enumerated  microscopically  in  lung  sections  from  control,  SIV-infected,  and 
SIV  +  ART  lung  sections.  Error  bars  in  (E)  represent  data  from  at  least  5  different  lung 
sections  from  each  group. 

Figure  5:  SIV-  and  HIV-infected  lungs  exhibit  gp120  immunoreactivity  even  after 

ART.  Lungs  sections  from  control,  SIV,  and  SIV  +  ART  (A),  and  control,  HIV-infected, 
and  HIV  +  HAART  (B)  were  stained  for  gp120  immunoreactivity  as  described  in 


Materials  and  Methods. 
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